University of Pennsylvania

ScholarlyCommons
Publicly Accessible Penn Dissertations
2019

Alternating Multiblock Polyethylenes With Associating Groups:
Self-Assembled Nanoscale Morphologies And Ion Transport
Lu Yan
University of Pennsylvania, sophieyan1990@gmail.com

Follow this and additional works at: https://repository.upenn.edu/edissertations
Part of the Chemistry Commons, Mechanics of Materials Commons, and the Nanoscience and
Nanotechnology Commons

Recommended Citation
Yan, Lu, "Alternating Multiblock Polyethylenes With Associating Groups: Self-Assembled Nanoscale
Morphologies And Ion Transport" (2019). Publicly Accessible Penn Dissertations. 3493.
https://repository.upenn.edu/edissertations/3493

This paper is posted at ScholarlyCommons. https://repository.upenn.edu/edissertations/3493
For more information, please contact repository@pobox.upenn.edu.

Alternating Multiblock Polyethylenes With Associating Groups: Self-Assembled
Nanoscale Morphologies And Ion Transport
Abstract
Single-ion conductors based on block copolymers (BCPs) are promising solid-state electrolytes for energy
storage systems. Their ability to self-assemble into distinct nanostructures can provide both high ion
transference numbers and strong mechanical integrity. Connecting the microphase-separated
morphologies to the ion transport properties in BCP electrolytes as well as designing polymers to produce
specific ion-conducting domain remain a critically important challenge.
Combining non-conducting polyethylene (PE) blocks that alternate with short strongly-interacting ionic
blocks leads to a wide range of intriguing nanoscale phase-separated morphologies. Depending on the PE
block lengths, these alternating multiblock copolymers exhibit amorphous or semicrystalline
morphologies and their ionic aggregation behaviors are further tunable via the modification of ionic block
chemistry.
When the PE blocks are long, such as 21 or 46 methylene units, the alternating multiblock PEs are
semicrystalline and chains fold close to the short ionic blocks with the ionic groups aggregating into
layers embedded in the crystalline regions, as determined both in bulk and solution-growth crystals.
Remarkably, the ion transport in such semicrystalline layered morphology is decoupled from the polymer
segmental motion even above these polymer glass transition temperatures. These layered ionic
aggregates can transform upon heating into bicontinuous gyroid, hexagonal or disordered phases as
controlled by the volume fraction and electrostatic interactions of the ionic blocks. At the same
temperature and composition, the 3D interconnected gyroid structure exhibits higher ionic conductivity
than the layered or hexagonal phases. Shortening the PE block lengths to 6 or 12 methylene units
prohibits crystallization and produces nanoscale ionic domains with the connectivity of ionic aggregates
influenced by total ion content. Increasing the conducting domain connectivity to form a percolated
structure facilitates decoupling ion transport from the polymer segmental motion.
In contrast to conventional salt-doped BCP electrolyte systems, the ion-conducting nanoscale domains in
these alternating multiblock PEs mainly consist of ionic groups and are inherently favorable for fast ion
conduction. Producing semicrystalline layered or highly interconnected ion-conducting domains that
decouple the ionic conductivity from polymer segmental dynamics provides promising design principles
toward efficient solid-state polymer electrolytes.
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ABSTRACT

ALTERNATING MULTIBLOCK POLYETHYLENES WITH ASSOCIATING GROUPS:
SELF-ASSEMBLED NANOSCALE MORPHOLOGIES AND ION TRANSPORT
Lu Yan
Karen I. Winey

Single-ion conductors based on block copolymers (BCPs) are promising solid-state
electrolytes for energy storage systems. Their ability to self-assemble into distinct nanostructures
can provide both high ion transference numbers and strong mechanical integrity. Connecting the
microphase-separated morphologies to the ion transport properties in BCP electrolytes as well as
designing polymers to produce specific ion-conducting domain remain a critically important
challenge.
Combining non-conducting polyethylene (PE) blocks that alternate with short stronglyinteracting ionic blocks leads to a wide range of intriguing nanoscale phase-separated morphologies.
Depending on the PE block lengths, these alternating multiblock copolymers exhibit amorphous or
semicrystalline morphologies and their ionic aggregation behaviors are further tunable via the
modification of ionic block chemistry.
When the PE blocks are long, such as 21 or 46 methylene units, the alternating multiblock
PEs are semicrystalline and chains fold close to the short ionic blocks with the ionic groups
aggregating into layers embedded in the crystalline regions, as determined both in bulk and
solution-growth crystals. Remarkably, the ion transport in such semicrystalline layered morphology
is decoupled from the polymer segmental motion even above these polymer glass transition
temperatures. These layered ionic aggregates can transform upon heating into bicontinuous gyroid,
hexagonal or disordered phases as controlled by the volume fraction and electrostatic interactions
vi

of the ionic blocks. At the same temperature and composition, the 3D interconnected gyroid
structure exhibits higher ionic conductivity than the layered or hexagonal phases. Shortening the
PE block lengths to 6 or 12 methylene units prohibits crystallization and produces nanoscale ionic
domains with the connectivity of ionic aggregates influenced by total ion content. Increasing the
conducting domain connectivity to form a percolated structure facilitates decoupling ion transport
from the polymer segmental motion.
In contrast to conventional salt-doped BCP electrolyte systems, the ion-conducting
nanoscale domains in these alternating multiblock PEs mainly consist of ionic groups and are
inherently favorable for fast ion conduction. Producing semicrystalline layered or highly
interconnected ion-conducting domains that decouple the ionic conductivity from polymer
segmental dynamics provides promising design principles toward efficient solid-state polymer
electrolytes.
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CHAPTER 1.
INTRODUCTION
1.1. Motivation: Solid Polymer Electrolytes in Energy Storage Systems
Driven by the increasing demand for electric vehicles and portable electronic devices, the
requirement for sustainable, long-term energy generation, conversion, and storage technology is
becoming urgent and essential.1–3 Rechargeable batteries are one of the most efficient and feasible
solutions for various types of storage applications.4 In the past few decades, a number of different
battery systems were found to meet the requirements of uses in electronic devices, among which
are the lead-acid, the nickel-metal hydride, the sodium-sulfur, and the lithium-ion systems.5,6 Since
lithium is the most electropositive as well as the lightest metal, it facilitates the design of electrical
energy storage with high energy density and makes lithium-ion batteries the most widely used for
electronic devices and transportation.7–9

Figure 1.1. Schematic representation of lithium-ion batteries during charging and discharging.
Adopted from Schubert and coworkers (2016).3
Electrolytes are a critical component in all electrochemical energy storage devices.10 The
electrolyte serves as a medium to transport the ions as well as insulating the anode from the cathode
electronically.4,6,10 Traditional lithium-ion batteries typically rely on liquid electrolytes consisting
of lithium salts in an organic solvent (e.g. ethylene carbonate), which provides high conductivity,
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and fast charge and discharge rates.11,12 However, during repeated charging processes and
discharging cycles in liquid electrolytes, metallic lithium deposits heterogeneously on anodes and
can form of dendrites.13,14 This process results in high safety risks, such as short-circuiting leading
to a fire or even explosion in the cell.9 Another disadvantage of liquid electrolyte is that the organic
solvents used to dissolve lithium salt are often flammable.14 Therefore, the development of safer,
and more stable lithium-ion batteries has become critical. Solvent-free, solid polymer electrolytes
(SPE) are proposed to substitute traditional liquid electrolytes for batteries.3,5,15–17 SPEs combine
the advantages of solid-state electrochemistry with the ease of processing inherent to plastic
materials.16
The current state-of-the-art for SPEs is poly(ethylene oxide) (PEO), which was first
proposed for lithium-ion battery in 1973.18 Although the advantage of SPEs has been known for
several decades, the development of SPEs has been hindered due to the relatively low conductivity
at ambient temperature. Many strategies have been tried to develop a more conductive polymer
than PEO, however, with limited success.5,16 Previous studies demonstrate that the ion transport in
amorphous polymers is intrinsically coupled to polymer segmental motion governed by the glass
transition temperature (Tg).19,20 While a lot of efforts have tried to decrease the polymer Tg such as
by adding plasticizers, this often sacrifices the mechanical integrity of the polymers.21–23 In recent
years, due to the advances in computation simulation studies, three lithium cation diffusion
mechanisms have been proposed in PEO based polymers: inter-chain hopping, intra-chain hopping,
and co-diffusion with short polymer segments.24,25 Both inter-chain and intra-chain hopping rely
on the intrinsic connectivity of the ion solvation sites. Thus, increasing the ion solvation site
connectivity could provide a promising new way to improve ion conductivity in SPEs without
sacrificing the mechanical strength of the polymer by lowering the polymer glass transition
temperature.5,16,26–29
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Figure 1.2. The distribution and connectivity of lithium-ion solvation sites (green) in PEO and
lithium salt complexes. Adopted from Balsara and coworkers (2017).25

1.2. Nanostructured Polymer Electrolytes
Nanostructure-forming polymer electrolytes, including block copolymers (BCPs),
ionomers, and BCP/nanoparticle hybrid systems, have the potential to serve as multifunctional
electrolytes: ion-rich microdomains could provide ion-conducting channels while the non-ionconducting phase could be used to provide mechanical strength.30–35 Specifically, the ability to selfassemble into various ordered nanoscale morphologies, namely lamella, gyroid, cylinders, and
spheres make BCPs one of the most extensively studied classes of nanostructured polymer
electrolytes.36–41 For instance, a prominent example is polystyrene-block-poly(ethylene-oxide) (PSb-PEO) with solvated lithium salts.30,42–47 The PEO domains provide lithium-ion solvation
capability, and the PS constitute the mechanically robust domains.
When block copolymers microphase separate into the lamellar and hexagonal cylinder
morphologies, the ion-conducting domains only exhibit 2D and 1D connectivity, respectively. In
contrast, the bicontinuous gyroid morphologies exhibit three-dimensional ion-conducting domain
connectivity.47–50 Wiesner, Park, Guiver, et al., all observed enhanced ion transport properties in
the bicontinuous gyroid morphologies compared to the lamellar or hexagonal cylinder phases due
to the absence of additional energy barriers, which results from the grain boundaries.51–54 Therefore,
producing highly connected or even percolated ion-conducting domains from microphase
separation is a promising strategy to improve ion transport in SPEs.
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Figure 1.3. Schematic illustration of nanostructured-forming soft materials in lithium-ion battery
applications. Adopted from Epps and coworkers (2017).31

While a large percentage of SPEs are formed by dissolving lithium salts in polymers,
single-ion conductors that have anions covalently bonded to the polymers have become an
attractive option in recent years.31,32,55 In the traditional SPEs or dual-ion conductors, the free anions
from the lithium salts can accumulate at the anode during cycles of discharge, which leads to
concentration polarization and poor performances of the batteries. In contrast, single-ion
conductors mitigate this shortcoming via low mobility of the tethered anions.56–62 Ionomers,
including those with carboxylate,63 borate,59 sulfonate,64 or (trifluoromethanesulfonyl)imide (TFSI-)
anions,65 are a common type of single-ion conductors. The low dielectric environment in solventfree ionomers results in ionic aggregation, which impacts the ion transport within the ionomers
significantly. However, achieving high ionic conductivities in ionomers remains a challenging
task.32 Various approaches were investigated to enhance lithium-ion conduction in ionomers: (1)
lower the Tg of the ionomers to increase the polymer segmental motion, such as with the addition
of plasticizer;21 (2) reduce the ionic aggregation by enhancing the polymer backbone dielectric
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constant;25,66 (3) facilitate the ion dissociation by modifying the anions to improve charge
delocalization;55 (4) improve the connectivity of the ionic aggregates or the block copolymer
microdomains via controlling the microphase separation;31,66 (5) decouple the ion transport from
the polymer segmental motion.19,20,60,67–70
1.3. Precise Polyethylene-based Ionomers
Polyethylene (PE) is one of the most prevalent plastic materials in the world.71 Introducing
associating groups, i.e. acid or ionic groups, to PE results in improved toughness, chemical
resistance, adhesive, and other tunable properties.72 Copolymerizations of ethylene and acid or
ionic comonomers can produce random ionomers, such as poly(ethylene-co-methacrylic acid).73,74
The aggregation of the random associating groups can dramatically affect the ionomer properties
dramatically, i.e. enhanced glass transition temperature, lowered crystallinity, less ordered
morphologies.72 Revealing the ionomer nanoscale morphologies is critical to predict and control its
properties. Yet, one notable impediment to understanding the aggregate morphologies is the
structural heterogeneity of the traditional random ionomers and the inherent difficulty of obtaining
direct images of their nonperiodic nanoscale morphologies. The lack of thorough structural control
over the ionomers challenges the fundamental and systematic understanding of the structureproperty relationship of the ionomers. One potential solution to resolve the structural heterogeneity
is to control the sequence of the associating groups along the linear PE-backbone, which requires
advances in polymer synthesis.
Precise PE-based ionomers were synthesized by Prof. Wagener’s group via acyclic diene
metathesis over the last decade.75–80 These precise polymers contain pendant groups (e.g. carboxylic
acid) equally distributed along the linear PE backbone. Compared to randomly functionalized PE
copolymers, precise polymers have uniquely uniform nanoscale morphologies and the structural
regularity in precise ionomers significantly improves the aggregate packing order by reducing the
polydispersity in the interaggregate correlation length. The well-ordered morphologies in precise
polyethylenes allow for a more detailed understanding of the structures and thus the properties.
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Simulations can also be an efficient tool to predict the nanoscale morphology and dynamics, which
in turn guides the synthesis of new precise polymers.
Winey and co-workers recently reported both experimental (e.g. X-ray scattering, quasielastic neutron scattering) and atomic molecular dynamic (MD) simulation studies on a set of
precise acid- and ion-containing PEs, which provides insights into the nanoscale morphologies as
well as the local dynamics.81–87 Buitrago et al. established the room temperature morphologies of
twelve precise PEs with the pendant groups placed on exactly every 9th, 15th or 21st backbone carbon
atom.86 Depending on the chemistry of the pendant groups, these precise polyethylenes are denoted
as pxAA (carboxylic acid), pxPA (phosphonic acid), pxSA (sulfonic acid), and pxImBr
(imidazolium bromide), where x is the number of carbon atoms in the alkyl spacers. The polar
pendant groups microphase separate from the non-polar PE backbone forming liquid-like
aggregates when the alkyl spacer is short86 and layered aggregates when the alkyl segments are
long enough to crystalize.88–90 Interestingly, in the case of two geminal phosphonic acid-containing
PEs (p15gPA and p21gPA), a face-centered cubic (FCC) symmetry is identified both at room and
elevated temperatures.91 The unprecedented well-ordered morphologies are the direct
consequences of the molecular precision of the polymers.
Trigg et al. recently reported efficient proton transport in p21SA with layered acid
aggregates at 40 °C under hydrated conditions.89 In p21SA crystallites, the polymer backbones
adopt novel hairpin-like chain folding conformations resulting in sulfonic acid layers within the
crystallites. These hydrophilic sulfonic acid layers can be hydrated to form hydroniums that
facilitate proton conduction. In summary, the high proton conductivities in p21SA at high relative
humidity are attributed to the following reasons: (1) the protons are segregated in acid-rich layers
with good macroscopic connectivity resulting from microphase separation; (2) upon hydration the
protons are dissociated from the tethered anions in the polymer; (3) a decoupling of the proton
transport and p21SA segmental motion.
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Upon neutralization with metal cations, precise acid-containing polymers become
ionomers. For example, the zinc neutralized p15AA produces well-defined interionic aggregate
distances compared to its random ionomer analogues.84 As the neutralization level increases,
atomistic MD simulations suggest that the ion aggregate morphologies change from compact
isolated, branched stringy, to highly percolated morphology (Figure 1.4).68,82,92 In the partiallyneutralized precise ionomers, there is a coexistence of lithium-ion aggregates with some acid
groups on the ends or side and unneutralized acid aggregates formed via hydrogen bonding. When
all the acid groups are fully neutralized to ionic groups, percolated ionic aggregates are observed.68
The percolated ionic aggregate morphology contains interconnected ion conduction pathways that
reduces the additional energy barriers for mobile lithium-ions to be transported across grain
boundaries and thus has great potential to enhance the ionic conductivity.

Figure 1.4. Snapshots from atomistic MD simulations of (a) p9AA-100%Li at 600K, t = 1300s
exhibiting percolated aggregates and (b) p21AA-38%Li at 600K, t = 600 ns exhibiting compact
isolated aggregates. Each spatially isolated aggregate is colored differently. Adopted from
Frischknecht et al. (2019).68
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1.4. From the Synthesis of Precise Polyethylenes to Alternating Multiblock
Polyethylenes
The current synthetic strategy leading to precise PE-based polymers is through acyclic
diene metathesis (ADMET) of molecular symmetric monomers.77 Starting from terminal olefin
monomers and metallic methylidiene catalyst, metal alkylidiene and ethylene condensates are
formed through metathesis reactions. The metal alkylidienes react further with terminal olefin
molecules producing growing polymers. The ADMET reaction is fully reversible at each step and
therefore constantly removing ethylene condensates pushes the reaction equilibrium toward the
chain-growth.77 Monomer purity, catalyst choice and polymerization conditions are all key factors
affecting the final quality and molecular weight of the products.77 Advanced catalysts with
improved tolerance of various functional groups allow a wide array of functionality in ADMET
polymers, i.e. acids groups, alcohol groups, alkyl groups, halogens, or ionic liquid groups. By
varying the functional groups or the alkyl spacer lengths, ADMET polymers have a variety of
chemical structures and physical properties. For instance, changing from nonpolar alkyl pendant
groups to associating acid groups, the precise PEs exhibit dramatically different chain
conformations upon crystallization.90 ADMET enables systematic exploration of the fundamental
polymer structure-property relationships by providing exceptional control over polymer
architectures and chemical regularity.

Figure 1.5. Reaction scheme of ADMET polymerization, where the blue spheres represent the
functional groups in the symmetric monomers. Adopted from Wagener et al. (2016).93
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Although ADMET employs the traditional polycondensation reactions,94 the requirements
for symmetric α,ω-diene monomers and the post-polymerization deprotection step to produce
precise acid-containing PEs makes it challenging to scale-up these reactions for a comprehensive
study. The functionalized α,ω-dienes are not usually obtained from a single and universal approach.
Different synthetic routes to produce α,ω-dienes with different functionalities need to be explored
and typically requires multiple synthetic steps to reach the final desired monomers. To produce
precise carboxylic acid-containing PEs, at least two steps are needed to make symmetric acidbearing monomers followed by a protecting step to avoid the acid poisoning of the ADMET catalyst.
Therefore, a deprotection reaction is required after the metathesis polymerization to recover the
pendant acid groups.95 However, the incompatibility of polar acid groups and nonpolar PE
backbone makes the deprotection reaction a challenge in this particular case due to low polymer
solubility and potential phase separation during the reaction. New and efficient synthetic routes
will be needed to advance the large-scale production of ADMET polymers.
Beyond precise PE-based ionomers, a category of polymers with long-chain aliphatic
sequences resembling PE is of great interest.96 These polymers can be described as block
copolymers with alternating long non-attractive blocks and strongly interacting short blocks phaseseparated into analogous microdomains as ionomers. The resemblance of those long-chain aliphatic
polymers to polyethylene is ascribed to long methylene sequences in the polymers dominating the
structures and properties.96 Jonas et al. observed that polyesters-44,5 and -22,4 formed the same
orthorhombic crystal phase as polyethylene and controllable chain-folding conformations through
the incorporation of short side chains.97 Mecking and coworkers reported the melting behaviors of
a series of long-spaced aliphatic polyesters with ester groups to methylene units ratio ranging from
0.526% to 0.09%.98 The trend in melting points with the varied ester group concentrations agrees
well with the trends in polyethylene with different branching ratios. Furthermore, the chemistry
leading to the long-chain polyesters are not limited to the traditional esterification of dicarboxylic
acids and diols. Multiple alternative synthetic routes are available to produce the long-chain
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aliphatic polyesters (Figure 1.6), which open a wide range of possibilities to functionalize these
polymers. In addition to polyesters, other types of long-chain aliphatic polymers, such as
polyamides, polyurethanes, polycarbonates, e.g., could also be possible with corresponding long
aliphatic monomers. Versatile potential properties of these polymers remain to be explored.

Figure 1.6. long-chain aliphatic polyesters from various synthetic routes. Adopted from Mecking
et al. (2016).96

While precise PEs possess interesting structure and properties, Trigg et al. recently found
that a set of nearly precise polyethylenes bears similar structural integrity as the strictly precise
polymers,99 and those nearly precise polymers were synthesized from an easy one-pot catalyst-free
self-polymerization of succinic anhydride-alcohol monomers.100 In those nearly precise polymers,
the pendant carboxylic acid groups are separated by either n or n+1 backbone atoms along the
linear polymer chains. Both the nearly precise acid-containing polymer and the sodium neutralized
ionomers resemble the true precise polymers microphase separation producing well-defined
morphology features based on X-ray scattering, while the random ionomers lack such
morphological order. This study suggests that the nearly precise polymers made from scalable
esterification synthetic routes could be a good substitute for the true precise polymers and opens
the chance for a wider array of polymers with morphologies and properties similar to those found
in true precise polymers.
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1.5. Outline of the Thesis
This thesis systematically explores the relationship between nanoscale morphologies and
ion transport properties based on a set of model polymer systems that contain periodically separated
associating groups. Many of the alternating multiblock polyethylenes are synthesized from scalable
polyesterification reactions of diol and diester or dianhydride monomers and possess similar
structural integrity comparing to the precise PEs made from ADMET. By varying the methylene
spacer lengths from 6 carbon atoms to as long as 46 carbon atoms, the room-temperature polymer
morphologies change from amorphous with ordered aggregates to semicrystalline with layered
aggregates. The semicrystalline layered morphology gives rise to a decoupling of ion transport
from polymer segmental motions. Upon heating, the semicrystalline layered morphologies
transform into either bicontinuous gyroid, hexagonal, or disordered morphologies. The threedimensional interconnected gyroid ionic aggregates exhibit more efficient transport properties
compared to the hexagonal or disordered ones in the polymer with lithium sulfonates pendant
groups.
Chapter 2 investigates the structures of solution-grown crystals of precise acid- and ioncontaining polyethylenes synthesized by ADMET. While large pendant groups on polyethylene
backbones are typically excluded from the crystalline domain, the precisely-placed acid and ionic
functional groups are accommodated into the solution-grown crystals. Polyethylene containing
carboxylic acid pendant groups on every 21st carbon atom (p21AA) grows into rectangular shaped
crystals with an average thickness of 9 nm, which is 3 - 4 times the all-trans chain length between
the functional groups. This thickness indicates that the carboxylic acid groups are incorporated
within the crystals. Electron diffraction images and Raman spectra indicate that p21AA backbones
are hexagonally packed with more gauche chain conformations than the polyethylene orthorhombic
phase. The precise polyethylene containing geminal carboxylic acid groups placed every 21 carbon
atoms (p21gAA) forms irregular-shaped crystals with an average thickness 8 nm. Similar to p21AA,
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p21gAA incorporates the geminal acid groups into its solution-grown crystals. Surprisingly, the
polymer with imidazolium bromide groups on every 21st carbon (p21ImBr) produces remarkably
large crystals with thicknesses of 200 - 900 nm, and widths of 6 - 12 µm. Finally, we propose a
multi-layer stack of adjacent re-entry structures that is consistent with the incorporation of large
functional groups into the solution-growth crystals of these precise polyethylenes. Interestingly,
this stacked structure is distinct from our recent results in melt-crystallized p21AA, where the layers
are nearly transverse to the lamellae.101 The chapter was published in Polymer: Yan, L.; Bustillo,
K.C.; Panova, O.; Minor A. M.; Winey, K.I. Polymer 135 (2018) 111-119.
In Chapter 3, we report the synthesis of ionic telechelic low molecular weight
polyethylenes (PE) with precise chain lengths that are derived from plant oils along with their
morphologies and temperature-dependent ionic conductivities. Starting from the C48 telechelic
dimethyl ester, or the C23 analogues for comparison, different ionic carboxylate end groups (H+,
Na+, Cs+, Zn2+) were introduced by microwave-assisted saponification chemistry. Due to the precise
length of the methylene sequence, these difunctional telechelic PEs crystallize into exceptionally
well-ordered nanoscale layered structures at room temperature. As a consequence of their extended
chain crystal nature, the layer thickness is directly encoded by the chain length of these telechelic
molecules chain length. Notably, C21(COONa)2, C46(COONa)2, and C46(COOCs)2 exhibit
transitions in the crystalline structure prior to the fully disordered melt state, as evidenced by DSC
and in situ X-ray scattering. The melting transition is typically accompanied by a transition from
layered ionic nanoaggregates between the crystallites to disordered ionic aggregates, with an
interesting exception wherein the ionic layers transform to hexagonal symmetry. The temperaturedependent ionic conductivities of layered crystalline morphologies in the C48 materials exhibit
Arrhenius-like behavior, indicating a decoupling from the slower polymer segmental motions at T
< Tm. These new precise ionic telechelic PEs produce well-defined nanoscale layered morphologies
with tunable ion transport properties that could be further developed as solid-state electrolytes. This
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chapter was co-authored with Manuel Haussler at Department of Chemistry, University of
Konstanz and published in Macromolecules, DOI: 10.1021/acs.macromol.9b00962.
In Chapter 4, we report a series of Li+-containing ionomers with pendant groups separated
by a nearly precise number of backbone atoms. These nearly precise ionomers were directly
synthesized from step-growth polymerization of commercially-available diol and dianhydride
monomers followed by neutralization with various amounts of lithium salts. From X-ray scattering,
these nearly precise ionomers exhibit well-defined nanostructures in contrast to the conventional
random ionomers. This demonstrates that separating the pendant groups in a nearly precise fashion
does not compromise for the morphological order. Ionic conductivities are investigated as a
function of temperature and exhibit a systematic increase with Li+ neutralization level. Notably,
the ionic conductivities in the ionomers at very high neutralization levels exhibit Arrhenius-like
behavior at T > Tg, suggesting that local ion mobility within the aggregates is decoupled from
polymer segmental motion. This finding combined with ionic aggregates with high connectivity,
namely percolated, indicates a promising design strategy for solid polymer electrolytes. This
chapter will be submitted shortly to a peer-reviewed journal.
Chapter 5 is an extension from Chapter 3 and 4, which studies a series of alternating
multiblock polyethylenes (PES48) with periodically placed sulfonate groups that were synthesized
by

polyesterification

of

octatetracontane-1,48-diol

and

tetrabutylammonium

dimethyl

sulfosuccinate. Optional cation exchange in aqueous dispersions replaced the NBu4+ counter ions
for Na+ or Cs+, respectively. The defined periodic microstructure of the polymer leads to the
formation of layered structures in bulk and to platelet-like self-stabilized nanoparticles in aqueous
dispersion, as observed by X-ray scattering and TEM. X-ray scattering suggests that the bulk
polymers exhibit a semicrystalline structure with multiple stacks of ionic layers embedded in the
crystallites with a layer-to-layer distance of 50 - 60 Å. Upon melting, the ionic layers in the NBu4+
neutralized polymer turned into disordered aggregates, while the layered ionic aggregates in the
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Cs+ and Na+ neutralized polymers transit into a hexagonal symmetry as an order-to-order transition
of the ionic aggregate morphology unprecedented for ionomers. Ionic conductivities are related to
the ionic aggregate morphology and are decoupled from the polymer segmental motion while in
the layered morphology. Ionic conductivity also increases with cation size (Na+ < Cs+ < NBu4+),
and when hydrated. This suggests that facilitating ion dissociation can further enhance the cation
transport in ionomers with extended ionic aggregates. This chapter will be submitted with Christina
Rank at Department of Chemistry, University of Konstanz as a co-first author.
Chapter 6 continues the work from Chapter 5 and reports a similar series of alternating
multiblock copolymers containing sulfonate groups (PES23) with Li+, Na+, Cs+, or NBu4+
counterions. All these polymers crystallize into a well-defined nanoscale ionic layered structure at
room temperature. In situ X-ray scattering measurements reveal that the layer-shaped ionic
aggregates in PES23Li, PES23Na, and PES23Cs transform upon heating into the 𝐼𝑎3̅𝑑 gyroid
morphology accompanied by the melting of the PE blocks. The gyroidal ionic aggregates in
PES23Li and PES23Na further evolve into a hexagonal symmetry as the temperature increases.
The order-to-order transitions (OOT) in ionic aggregate morphologies were also confirmed by
oscillatory shear rheology. The ion transport behavior of PES23 polymers is strongly dependent on
the ionic aggregate morphologies. Specifically, the 3D interconnected gyroid morphology of
PES23Li exhibits higher ionic conductivity than the isotropic layered or hexagonal morphologies.
This innovative molecular design leads to an unprecedented percolated gyroidal ionic aggregates
that provide a continuous pathway for fast ion transport. This chapter will be submitted to a peerreviewed journal shortly.
Chapter 7 summarizes the conclusions of the dissertation and discusses the possibilities for
future work. Appendix A, B, C, and D contain the supporting information for Chapter 3, 4, 5, and
6, respectively.
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CHAPTER 2.
SOLUTION-GROWN CRYSTALS OF PRECISE POLYETHYLENE-BASED
COPOLYMERS
Content in this chapter was published in 2018 in Polymer, 135, (17), 111-119, with authors Lu Yan,
Karen C. Bustillo, Ouliana Panova, Andrew M. Minor, and Karen I. Winey.
2.1. Introduction
Since the discovery of polymer single crystals and the observation of chain folding
phenomenon in the 1960s, characterization of polymer single crystals and investigation of their
growth mechanism have been extensively reported, especially for polyethylene (PE). 1–4
Polyethylene crystallizes from solution in the form of thin lamella on the order of 10 nm in
thickness, in which the chains are folded back and forth on themselves at the top and bottom
surfaces of the crystal.5 PE single crystals grown from dilute xylene solution exhibit lozenge shapes
with characteristic angles of 67o and 113o at lower crystallization temperature and the growth front
corresponds to the (110) planes of the orthorhombic crystal lattice.6 Hollow pyramidal-shaped PE
single crystals were also identified, in which the chains are tilted with respect to the crystal surface
by ~30o.7,8 The hollow pyramids collapse onto the substrates, which tilts the chains at each sector
and produces central pleats in the crystal.8 Truncated-lozenge-shaped PE crystals have also been
observed when the concentration or the crystallization temperature is raised.4 The (110) sectors and
(200) sectors in truncated PE single crystals were found to have different chain tilt angles leading
to a thickness difference of 1 nm.9 Understanding the crystalline morphology and chain folding
behavior of PE is indispensable for designing PE-based copolymers with broader properties and
applications.
In the majority of research on functionalized polyethylene copolymers, pendant groups are
randomly placed along the CH2 backbone.10–13 The random placement of the functional groups
results in disordered morphologies.14,15 In contrast, nylons, which have amide units uniformly
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separated by CH2 segments, have a high degree of crystallinity, stiffness, and toughness.16 Nylons
usually crystallize into lathlike single crystals from dilute solutions, e.g. nylon 6, nylon 66, nylon
46, and nylon 68.17–20 At low temperature, the chains are found to be either inclined at substantial
angles to the lamellar normal with a triclinic unit cell17 or perpendicular to the lamellar surfaces
forming monoclinic unit cell.18,19,21 By studying nylon crystalline structures, we know that the
unique properties of nylon require both the amide groups and their precise sequence in the polymer
microstructure. The amide groups are precisely placed along the backbone and form hydrogen
bonds between adjacent chains. Therefore, ordering the functional pendant group sequence in
polyethylene copolymers could be a promising and effective strategy to manipulate the morphology
and improve physical properties.
Previous studies involving crystallization of precise polyethylenes were mainly focused on
polymers with non-associating groups, e.g. alkyl or halide pendants.22 The precise placement of
side groups on the CH2 backbone (e.g. every 21st carbon) was achieved via acyclic diene metathesis
polymerization (ADMET) starting from symmetric diene monomers.23,24 The ADMET synthesis
produces atactic configurations of the pendant groups in the precise polyethylenes. The precisely
placed pendant groups facilitate better defined crystalline structure in the polymer, and higher
levels of crystallinity compared to polymers with randomly placed pendant groups.14 An earlier
study on the effect of alkyl branch length on the nanoscale morphology of precise PEs demonstrates
that larger pendant groups create larger lattice distortions, change the overall lattice structure from
orthorhombic to monoclinic, and expel the pendant groups to the surface of solution-grown
crystals.25 The bulky pendant groups are expelled to the crystal surfaces resulting in crystal
thicknesses close to the all-trans CH2 length between the pendant groups.
The materials investigated in this paper contain associating pendant groups: carboxylic
acid groups, geminal carboxylic acid groups, and 1-methylimidazolium bromide groups on every
21st carbon atom, named p21AA, p21gAA, and p21ImBr, respectively (Figure 2.1). The
morphologies of these precise acid- and ion-containing polymers have been studied in the bulk via
22

DSC, solid-state NMR, X-ray scattering26–28, broadband dielectric spectroscopy29,30, and quasielastic neutron scattering (QENS)31, as well as by atomic molecular dynamic (MD) simulation32–34.
All three of these polymers exhibit a melting temperature in DSC. Upon cooling from the melt,
these polymers exhibit layered morphologies and a hexagonal crystal structure according to X-ray
scattering, and the acid- and ion-rich layers are embedded within the crystallites.28 Note that both
layered morphologies and the hexagonal structure are absent above the melting temperatures.27 The
alkyl segments provide the structure with mechanical strength, while the acid- or ion-rich layers
might serve as channels for ion or small molecule conductivity. These precise acid- and ioncontaining precise polymers provide an alternative chance for designing new solid polymer
electrolyte with both good conductivity and mechanical properties.28 In the present work, we
prepare crystals of these precise PEs from dilute solution and investigate their crystal motifs, unit
cell structures, and chain conformations.

Figure 2.1. Chemical structure of three precise polymers: (a) p21AA, (b) p21gAA, and (c)
p21ImBr.

2.2. Experiment
Materials. The synthesis methods and morphological studies of the three precise materials
were published previously.26–28,35 Symmetric diene monomers were polymerized via acyclic diene
metathesis (ADMET) using Grubb’s 1st generation catalyst, and the unsaturated polymers were
hydrogenated in a high-pressure H2 environment at elevated temperature. The nomenclature of
these precise polymers uses “p” to indicate precise and a number indicating the number of carbons
in the monomeric repeat unit, Figure 2.1. For example, p21AA contains acrylic acid (AA) on
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exactly every 21st carbons; p21gAA contains geminal acrylic acid (gAA) groups on every 21st
carbon; and p21ImBr has 1-methylimidazolium bromide (ImBr) groups on every 21st carbon. The
details of the materials are described in Table 2.1. For comparison, HDPE purchased from Sigma
Aldrich was also studied.
Sample preparation. As shown in Table 2.1, four types of polymer crystals were grown
from a dilute solution via a self-seeding method36 at appropriate crystallization temperature (Tc).
To prepare the solution-grown polymer crystals, the polymer was dissolved in solution at a
concentration of 0.01 wt% or 0.05 wt% and was heated to the melting temperature (T m). The
solution was held at the Tm isothermally for 1 hour to fully dissolve the polymer. Then the solution
was slowly cooled to Tc and held for at least 30 min to induce initial crystallization. After
crystallizing for at least 30 min, the polymer solution was heated to the self-seeding temperature
(Ts) and held for 10 minutes. This step is aimed at melting the majority of non-uniform crystals,
while the small unmelted nuclei are kept as the crystal seeds for crystal growth in the following
step. The solution was then quenched to the Tc and held overnight. This self-seeding method
produces crystallites of uniform size because a large number of seeds in the solution promote rapid
nucleation and steady crystal growth. The detailed experiment conditions for each polymer are
provided in Table 2.1.
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Table 2.1. Material details and self-seeding crystallization conditions of solution-grown crystals.

PDI

all-trans
chain
length
[nm]

Solvent
[vol]

≈ 200

-

≈ 2200

xylene

0.05

p21AA

65

1.9

250

Xylene:
methanol=4:1

p21gAA

38

1.8

137

p21ImBr

106

2.0

284

Polymer

Mw
[kg/mol]

HDPE

Concentration Tc
[wt%]
[℃]

Ts
[℃]

Tm
[℃]

75

97

120

0.01

23

40

45

Xylene:
methanol=
2:1

0.01

23

42

46

DMSO

0.05

23

80

90

Atomic Force Microscopy (AFM). The morphology and lamellar thickness of solutiongrown crystals were investigated via AFM. A drop of the crystal suspension was deposited on the
silicon wafer, and the solvent was allowed to evaporate completely before characterization. A
Bruker Icon AFM was used in tapping mode with a silicon cantilever from MIKROMASCH with
325 kHz resonant frequency, 40 N/m force constant, and aluminum coating. All measurements
were carried out under ambient conditions. An amplitude setpoint between 400 and 500 mV and
scan rate of 1.02 Hz were used to maximize the scanning quality for polymer crystals. Using
Nanoscope Analysis software, the resulting images were flattened by 1st order plane-fit before
thickness measurements.
Electron Diffraction (ED). Polymer crystals suspended in solution were deposited onto
ultrathin carbon-coated transmission electron microscope (TEM) copper grids (mesh 400) from
Ted Pella. The solvent was fully evaporated before imaging. Both parallel beam diffraction and
nanobeam electron diffraction (NBED) data were collected using an FEI Titan 60-300 kV TEM
operating at 300 kV. The parallel beam diffraction was acquired by limiting the exposure area with
a 4.5 μm condenser aperture above the sample. To quickly sample many areas, the sample was
translated while acquiring diffraction patterns at 30 frames per second. Similarly, the NBED data
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was acquired by moving the probe with a 3 ms dwell time and each 33-ms frame is a sum over
hundred nanometers on the grid even though the actual probe was on the order of 5 nm in diameter.
The probe diameter was defined by the FWHM from a TEM image of the probe. All electron
diffraction was performed with the sample at -178 oC to minimize sample degradation.
Raman Spectroscopy. Room temperature Raman spectra were obtained using a RamanNSOM from NT-MDT Spectrum Instrument. The dilute crystal suspensions were deposited on
silicon wafers and dried. The laser beam (532-nm wavelength at 100 mW) was focused on the
crystals using a reflection optical microscope at 100× magnification. To obtain a good signal to
noise ratio, each spectrum was collected for 600 s.
2.3. Results
Crystal Shape and Size. Figure 2.2 shows a representative AFM height image and trace
from a p21AA solution-grown crystal. Unlike polyethylene lozenge-shaped single crystals grown
from dilute xylene solutions, p21AA crystals obtained from xylene: methanol (4:1) mixture have a
rectangular shape. The length (l) and width (w) of this crystal are 1080, and 830 nm, respectively.
The crystal exhibits four growth sectors divided by diagonal boundaries, Figure 2.2c. The average
angles of each folding domain are 80o ± 4o and 100o ± 4o based on fifteen crystals measured. A
difference in height between the two sectors is evident in the AFM data. Figure 2.2b records the
height of the crystal in Figure 2.2a. The 100o sector has an average height ℎ = 10.1 𝑛𝑚, and the
80o growth sector has an average height of ℎ = 10.8 𝑛𝑚.
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Figure 2.2. p21AA solution-grown crystal morphology from AFM measurement. (a) AFM
amplitude image of p21AA crystal with four growth sectors. (b) Height corresponding to the white
line in (a) and showing two sectors. (c) Schematic of p21AA crystal showing the 80 o and 100o
growth sector.

Topological data from AFM is summarized from fifteen p21AA solution-grown crystals in
Figure 2.3. The height of the 80o growth sector and the 100o growth sector are 9.9 ± 1.2 nm, 9.1 ±
1.0 nm, respectively (Figure 2.3a). More importantly, the height difference between the two growth
sectors is consistent for all the crystals measured, specifically, the 80o growth sector is thicker than
the 100o growth sector by 0.78 ± 0.2 nm. The thickness difference between growth sectors might
be attributed to the difference in chain tilt angle or chain folding.9,37 The lateral dimensions of
p21AA crystals are shown in Figure 2.3b. Using a self-seeding method, relatively uniform sizes of
~1μm were obtained for p21AA crystals. The average crystal length, width, and aspect ratio are
1052 ± 171 nm, 807 ± 167 nm, and 1.32 ± 0.19, respectively. Since the aspect ratio is <1.5, the
kinetic anisotropy between the 80o and 100o growth sectors is modest. Additionally, the surfaces of
solution-grown p21AA crystals are rougher compared to PE solution-grown single crystals. The
rougher surfaces in p21AA are attributed to the acid groups, which are larger than methylene
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segments and select conformations to form hydrogen bonds with nearby acid groups on the surface.
The two features of the acid groups produce less-ordered and thus rougher fold surface relative to
PE.

Figure 2.3. (a) Summary of AFM data from 15 crystals: 80o sector height (blue circles), 100o sector
height (red squares), and the height difference between 80o and 100o sectors Δh (green triangles).
Crystal numbers are ordered according to height. (b) Summary from 15 crystals: length (purple
circles), width (orange squares) and aspect ratio (grey triangles). Crystal numbers are ordered
according to the length. Mean values and standard deviations were calculated based on three
measurements of each crystal. Error bars indicate the standard deviations when the values are larger
than the symbol.
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In addition to the rectangular-shaped crystals, spiral growth in p21AA solution-grown
crystals was also observed (Figure 2.4a). Spiral-growth of crystals occurs when crystal seeds lay
on the surface of another crystal, such that thickening of the crystals happens via spiral growth of
additional lamellae from screw dislocations. The lamellar thickness in spiral-growth crystals is
between 6.4 and 10.0 nm (Figure 2.4b) and each step is comparable to the thickness of
monolamellar crystals.

Figure 2.4. Spiral growth in a p21AA solution-grown crystal with individual lamella thickness
between 6.4 and 10.0 nm.

In contrast to p21AA, solution-grown p21gAA crystals exhibit irregular shapes and rough
edges (Figure 2.5a). Although the overall size (~1 μm) and thickness (~8 nm) of the p21gAA
crystals are similar to those of the p21AA crystals, p21gAA is more restricted during polymer
crystallization and unable to form crystals with smooth growth fronts.

Figure 2.5. (a) AFM amplitude image of a p21gAA solution-grown crystal. (b) Height of the white
line in (a) showing the average height.
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The precise polyethylene p21ImBr contains 1-methylimidazolium bromide pendant groups,
which are larger than carboxylic acid groups. Larger pendant groups on the polymer backbone
usually impede polymer crystallization. Surprisingly, p21ImBr exhibits solution grown crystals that
are larger and thicker than p21AA despite the steric hindrance from large functional groups, Figure
2.6. Two kinds of morphologies with planar growth faces are found among p21ImBr solutiongrown crystals. Figure 2.6a shows a truncated lozenge shape with a 113o obtuse angle which is very
similar to the lozenge-shaped polyethylene single crystals. Figure 2.6b shows a hexagonal-shaped
crystal with 120o corners. A twin growing habit in p21ImBr crystals is shown in Figure 2.6c. Twingrowth single crystals have been observed before in several polymers. 38,39 The thickness of the
p21ImBr crystals is between 200 and 900 nm, which is dramatically thicker than that of acidcontaining polymer (10 nm for p21AA) and other polyethylene-based polymers.3,25,40 Moreover,
based on the average molecular weight of p21ImBr, the crystal thicknesses can exceed the fully
extended (all-trans) contour length of the polymer by as much as a factor of three. This suggests a
novel crystal structure.

Figure 2.6. AFM amplitude images and height traces of solution-grown p21ImBr crystals
exhibiting lozenge shape (a, d), hexagonal shape (b, e), and twin-growth crystals (c, f).
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Unit Cell Structure. Polymer and organic soft materials typically change their structure
when subject to electron beam radiation in the TEM, and the materials in this study are no
exception.41,42 Side-by-side comparisons of solution grown crystals of HDPE and p21AA found
p21AA to be 5-10 times more sensitive to the electron beam. Thus, for these initial studies, we
adopted the method of collecting hundreds of diffraction patterns (video rate) while continuously
moving the sample and then screening the data for well-defined diffraction patterns. Longer
exposure times produced diffuse rings with increases in intensity in the vicinity of the diffracted
spots that effectively added noise to the diffraction data. Note that the electron diffraction
experiments were only possible with HDPE and p21AA because the p21ImBr crystals are too thick
and p21gAA crystals are unstable.
Studies of high-density polyethylene (HDPE) were made in conjunction with the acid
copolymers as a means of having a standard, highly-studied sample with which to compare. The
strong diffraction spots in the HDPE data (Figure 2.7a) correspond to {110} and {200} reflections
with d110 = 4.13 Å and d200 = 3.69 Å (a = 4.98 Å, b = 7.38 Å). The measured azimuthal angles
between the diffraction spots are 56o ± 1o for (110) and (200), and 67o ± 1o for (110), and (1̅10).
Furthermore, higher-order of reflections (e.g. (020), (210), and (400)) are evident. All these peak
assignments are consistent with an orthorhombic unit cell with the c-axis parallel to the electron
beam.
Techniques were first tested and optimized on the HDPE sample. As can be seen by
comparing Figure 2.7a and 2.7b, the diffracted signal from HDPE is significantly stronger than that
from the acid polymer. This is largely due to the fact that HDPE forms much better crystals with
extended all-trans chain conformations, while p21AA accommodates the acid groups by adopting
chain conformations with tight hairpin turns within the crystals. Additionally, the acid polymers
have weak diffraction owing in part to the sparse coverage of the periodic regions. Consequently,
many pristine regions of the sample were summed in one exposure.
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Both p21AA parallel beam and nanobeam electron diffraction data (Figure 2.7b and 2.7c)
show a hexagonal crystal structure with d100 = 4.12 ± 0.07 Å, and a = 4.71 ± 0.08 Å. In the
nanobeam diffraction mode, the beam is slightly converged with a half-convergence angle of 0.5
mrad. Because of this convergence angle, the diffracted reflections present as disks rather than
sharp spots as shown in Figure 2.7c. The average azimuthal angle between (100) diffraction spots
is 60o ± 2o. The diffraction pattern indicates that the c-axis of p21AA crystal is normal to the
substrate and parallel to the incident electrons which prohibits measurement of the lattice parameter
c. Finally, we occasionally observed diffractions patterns with an additional peak at larger dspacings, which might originate from tilt boundaries within p21AA crystals. Unfortunately, due to
the fragility of the crystals, tilt studies were not possible and further investigation is required.
The hexagonal structure of p21AA in solution grown crystals is comparable to the roomtemperature WAXS data on melt crystallized semi-crystalline p21AA which shows a single (100)
peak at q = 1.48 Å-1 (d100 = 4.24 Å, a = 4.89 Å).32 The small discrepancy (0.12 Å) of d100 between
our electron diffraction and WAXS data is possible due to the thermal expansion/contraction on
the cell parameters43 or measurement error (± 2%). This crystal structure of p21AA appears similar
to the pseudohexagonal phase of PE (a = 8.46 Å, b = 4.88 Å, c = 2.45 Å).44 The hexagonal phase
of PE forms at high pressure or at high temperature upon melting in which the methylene segments
are more disordered.44,45 Chain disorder is also observed in the solution-grown p21AA crystallites
by Raman spectroscopy, as discussed in the next section.
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Figure 2.7. (hk0) electron diffraction data of solution-grown crystals. (a) Parallel beam electron
diffraction of HDPE single crystal, (b) Parallel beam electron diffraction of p21AA crystal, (c)
Nanobeam electron diffraction of p21AA crystal. The HDPE single crystals exhibit the expected
orthorhombic structure, while the p21AA crystals exhibit a hexagonal structure.
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Chain Conformation. Raman spectroscopy has been used previously to study the
polyethylene orthorhombic to hexagonal phase transition45, as well as the α to γ transition in nylon
646. The hexagonal phase of PE is conformationally more disordered with a larger fraction of
gauche conformations. The C-C stretching (1000-1150 cm-1), CH2 twisting (1250-1340cm-1), and
CH2 bending (1400-1500cm-1) bands give valuable information about the conformation of the
methylene segments. The absorption peaks at 1129, 1296, and 1415 cm-1 are characteristic of long
(more than 5) all-trans -CH2-CH2- units as expected in orthorhombic PE.47 The hexagonal phase in
PE exhibits Raman bands at 1089 and 1304 cm-1 corresponding to short (1 or 2) -CH2-CH2- units
consistent with less ordered methylene segments.
The C-C stretching region of HDPE single crystals shows two distinctive peaks at 1060
and 1129 cm-1, which represent antisymmetric and symmetric trans C-C vibrations, respectively
(Figure 2.8). The absence of a peak at 1089cm-1 indicates the normal absence of gauche
conformations in HDPE single crystals. Compared to HDPE, the vibration bands for these trans CC stretching in the three precise associating polyethylenes are weaker and broader indicating
distorted or shorter consecutive trans methylene segments. Similar to HDPE the absence of a strong
peak at 1089 cm-1 in the three precise polymers suggests a negligible total number of gauche
conformations. For p21ImBr, the bands at 1105 and 1142 cm-1 are from the bending of ((N)CH3CH)
and C-C stretching within the imidazolium ring according to the Raman study of imidazoliumbased ionic liquid.48–50
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Figure 2.8. Raman spectra of HDPE, p21AA, p21gAA, and p21ImBr solution-grown crystals. The
1304 cm-1 shoulder in p21AA and p21gAA indicates the appearance of gauche rich chain
conformations. The 1415 cm-1 band is indicative of the orthorhombic structure and is much weaker
in the three associating precise polymers than in HDPE. Spectra were shifted vertically for clarity.

In the CH2-bending region, HDPE shows a narrow band at 1440 cm-1 and splitting at
1415cm-1. The 1415 cm-1 band has been assigned to an interchain CH2 bending mode appearing
from the correlation splitting of two structural orientations and thus is indicative of the
orthorhombic crystal structure.51 The absence of the 1415 cm-1 band in p21AA and p21gAA further
demonstrates the deviation in crystal structure from the orthorhombic structure. Also, the broadness
and reduced intensity in the 1440 cm-1 band suggests the existence of less ordered chain
conformations in these solution-grown crystals of precise associating polymers.
The narrow band at 1296 cm-1 in the HDPE single crystal represents the CH2 twisting in
the crystalline region. In p21AA and p21gAA, a broad shoulder at 1304 cm-1 representing gaucherich chains is clearly evident. However, in p21ImBr, the shoulder at 1304 cm-1 is weak and the
appearance of a shifted 1415 cm-1 peak indicates higher conformational order in p21ImBr crystals
compared with p21AA and p21gAA. The Raman spectra suggest chain conformations from the
35

solution-grown crystals of all three precise polyethylenes are much less ordered than the highly
ordered all-trans PE orthorhombic structure. For p21AA and p21gAA, the higher percentage of
gauche chain conformations is consistent with the PE hexagonal phase, and thus further confirms
the hexagonal structure in these two polymers.
2.4. Discussion
Figure 2.9 illustrates three possible chain conformations for solution-grown crystals of
precise PEs. Two types of chain folding have been reported for precise PEs having pendant alkyl
and halides groups.22 First, thin crystals (Figure 2.9a) expel the pendant groups to the crystal
surfaces leaving the single crystal thickness close to alkyl spacer length between the pendant
groups.25,40,52 Because the crystal thicknesses (as measured by AFM) of the precise PEs with
associating pendant groups are much larger than the all-trans length of 21 CH2 units (2.5 nm), the
thin crystal motif doesn’t apply to these solution grown crystals. The second type is crystals with
extended chain conformation, in which pendant groups are incorporated into the crystals and chains
only fold at crystal surfaces (Figure 2.9b).22 Solution-grown crystals of precise PEs with methyl
groups have been reported to have this kind of crystal structure in the bulk.25 Nylons having
uniformly sequenced amide groups also exhibit this extended chain conformation in their crystal
structures. The amide groups in nylons are stereo-regular such that an extended chain conformation
is favorable and promotes hydrogen bonding between the amide groups. In contrast, the precise
PEs with associating pendant groups synthesized by ADMET are atactic, which makes ordered
sequences of hydrogen bonding between the carboxylic acid groups similar to nylons unlikely.
Furthermore, our recent atomistic molecular dynamic (MD) simulations on p21AA found extended
chain conformations to be inconsistent with experimental results from bulk semicrystalline p21AA
film.32 The atomistic MD simulations of p21AA also considered a multilayer assembly comprised
of polymer chains tightly folding near the functional groups and stacked into multiple layer
assemblies (Figure 2.9c). The acid-acid layer spacing for this structure with adjacent reentry (AR)
conformations is ~25 Å. This multilayer structure is consistent with X-ray scattering and Raman
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data on semicrystalline p21AA film crystallized from the melt.28 In this morphology, the acid
groups form hydrogen bonds with nearby acid groups and this is readily possible with AR chain
conformation, even though the polymers are stereo-irregular. The results presented here indicate
that carboxylic acid groups are incorporated between the chain segments within the crystals, as
shown in Figure 2.9c, when crystallized from dilute solution. The measured crystals incorporate
2~3 acid layers within the solution-grown crystals. While acid layers might be slightly tilted relative
to the substrate, the CH2 chain segments are perpendicular to the substrate according to our electron
diffraction data. This is distinct from our recent finding that the acid layers are transverse to the
lamellae in the melt-crystallized p21AA bulk polymer.

Figure 2.9. Three possible chain conformations in solution-grown crystals of precise PEs. The
black lines represent PE backbones and the blue circles represent pendant groups.

The p21gAA solution-grown crystals have irregular shapes and comparable crystal
thicknesses to p21AA crystals. On the one hand, p21gAA with more acid groups could have
stronger interaction leading to a longer correlation length of the crystal. On the other hand, the
geminal acid groups in p21gAA increase steric hindrance which increases the difficulty of
crystalline packing. Since p21gAA crystals do not exhibit faceted shapes and have similar thickness
compared to p21AA, steric hindrance apparently plays a more important role in disturbing the
crystalline structure than the hydrogen bonding. Due to the similarity between p21gAA and p21AA
with respect to chemical structure, crystal thickness, Raman spectra as well X-ray scattering data28,
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we expect a similar crystalline structure in p21gAA as in p21AA, namely a hexagonal crystal of
AR chain conformations that provide acid-rich layers in the plane of the lamella.
The p21ImBr solution-grown crystals exhibit several motifs including a hexagonal shape
and exceptionally large crystals. The Raman spectrum of p21ImBr suggests higher chain
conformation order compared to solution-grown p21AA. Hence, the driving force for crystallinity
is much stronger in p21ImBr than the acid analogue. While the electron diffraction data is not
available, the AFM data from p21ImBr solution-grown crystals can still provide clues about the
chain folding behavior. The average lateral size (~ 8 µm), and the thickness (200-800 nm) of the
p21ImBr crystals are nearly 10, and 100 times larger than the p21AA and p21gAA crystals. The
large size and thickness of p21ImBr crystals are consistent with X-ray scattering results on meltcrystallized p21ImBr films. Melt-crystallized p21ImBr exhibit a single (100) peak in X-ray
scattering corresponding to the hexagonal structure at q = 14.8nm -1 (d = 4.25).28 In addition to the
(100) peak, melt-crystallized p21ImBr also shows multiple peaks with ratios 1:2:3:4:5 at low q
position corresponding to ion-rich layers. The peak positions correspond to a layer-to-layer distance
of 3.34 nm and the sharpness of the first peak (FWHM Δq = 0.0085 Å-1) indicates a correlation
length of ≥ 80 nm in the bulk. Meanwhile, the crystal thickness (~500 nm) can exceed the contour
length of the polymer chain (~ 284 nm) assuming all-trans conformation of CH2 units. Considering
the large steric hindrance from ImBr groups, an extended chain folding structure in p21ImBr
crystals is unlikely. Additional supporting evidence on AR polymer conformation is that the d layer
= 3.34 nm of bulk p21ImBr is larger than 21 all-trans CH2 lengths, which would only be possible
if the chains are in the AR form. Based on the findings above, we believe that p21ImBr adopts the
multilayer AR structure (Figure 2.9c) in its crystallites and the total number of ionic layers within
each crystal is between 60-240.
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2.5. Conclusions
Three precise PEs were crystallized from solution and then were investigated using AFM,
electron diffraction, and Raman spectroscopy. The crystal structures of these precise acid- and ioncontaining polyethylenes differ significantly from the highly ordered orthorhombic crystal structure
of solution-grown PE single crystals. Solution-grown p21AA crystals exhibit a hexagonal structure
that is consistent with the (100) peak in X-ray scattering of bulk semicrystalline p21AA. According
to AFM measurement, p21AA solution-grown crystals are ~8-12 nm thick and contain 2~3 acid
layers embedded in the crystals. The p21gAA solution-grown crystals, have irregular shapes with
average thicknesses comparable to p21AA. The chains form three to four stacks of adjacent reentry
layers in p21AA and p21gAA, such that acid-rich layers are in the plane of the lamellae. Solutiongrown p21ImBr crystals have the highest crystal thicknesses (~500 nm) among the materials
studied in this paper. The imidazolium bromide groups are much larger than the carboxylic acid
groups by volume, and the interaction between these ionic groups is also much larger than hydrogen
bonding. To incorporate the ImBr groups into the crystals, the p21ImBr crystals also adopt the
multiple layer stack of adjacent reentry structure and surprisingly contain ~150 ionic layers. The
structures observed in these solution-grown crystals provide strong evidence for polymer
conformations with tight turns near the functional groups, as shown schematically in Figure 2.9c.
These stacked layers of functional groups could provide access to novel properties.
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CHAPTER 3.
MONODISPERSE AND TELECHELIC POLYETHYLENES FORM EXTENDED CHAIN
CRYSTALS WITH IONIC LAYERS
Content in this chapter was published in 2019 in Macromolecules, 2019, 52, 13, 4949-4952
3.1. Introduction
Polyethylene is the most widely used synthetic polymer material, as reflected by an
unparalleled production of over 100 million tons per year.1 Especially linear polyethylene (HDPE)
is used as a durable, mechanically-strong, and ductile material for a broad range of applications.
These properties are a result of its semi-crystalline morphology, in which segments of the linear
alkyl chains crystallize into lamellae.2 HDPE is an apolar material, and the addition of polar groups
is well-known to improve the toughness, chemical resistance, and adhesive properties.3
Copolymerizations of ethylene with polar vinyl comonomers produce random copolymers,4–11 in
which the crystalline lamella morphologies are disturbed. While the lower degree of crystallinity
impairs mechanical strength, the polar groups themselves self-assemble into nanoscale aggregates
that improve performance. These ionic aggregates are nominally spherical and spatially
disordered.3
When polar groups are precisely sequenced along linear polymers, the ionic aggregates
self-assemble into periodic structures.12–16 For example, the precise and periodic placement of
acrylic acid or sulfonic acid groups on every 21st carbon along a polyethylene backbone enables
the controlled expulsion of the functional moieties from the crystallite by hairpin-like folding of
the chain.17–19 Trigg et al. recently reported that the layered structure resulting from precisely placed
sulfonic acid groups yields a material with excellent proton conductivity (>60% relative humidity,
40 °C) on par with commercial Nafion.19 This is due to the following designed features: (1) mobile
species are segregated in nanoscale aggregates with good macroscopic connectivity, (2) mobile
species are dissociated from the functional groups of the polymer, and (3) motions of polymer and
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mobile species are decoupled.20,21 Acyclic diene metathesis (ADMET) polymerization of
functionalized dienes was used to synthesize these and other precise polyethylenes.12,22–24 The
laborious monomer synthesis for ADMET currently limits larger scale synthesis and
comprehensive study of these precise polyethylenes.
Alternatively, the functional groups could be placed at the ends of short linear PE chain of
uniform molecular weight, thus enabling the alkyl segments to crystallize and produce layers of
functional groups.25–30 A previous study observed the layered assembly of functional groups
persists even after the melting of hydrocarbon chains when the PEs are functionalized with thymine
groups on both ends.29,30 Polymers with two reactive end groups, namely telechelics, have been
studied extensively as building blocks for block copolymers, thermoplastic elastomers or polymer
networks, as well as surfactants, chain extenders and cross linkers. 31 Telechelics with a
polyethylene backbone have been little studied, however, due to the difficulty in synthesizing these
materials. Selective catalytic copolymerization of ethylene yields telechelic PE with furane
endgroups in a single step, but the scope of endgroups and the productivity are limited. 32 Living
catalytic chain transfer polymerization can yield PE-telechelics with iodo, vinyl or protected amino
endgroups, that can be converted to desirable endgroups in further steps. Both methods afford
molecular weight distributions rather than a single uniform chain length, and the endgroup fidelity
is limited to ca. 90 %.33,34 Recently we reported chain doubling of readily available
monounsaturated fatty acids to well-defined telechelic polyethylenes.35 This scalable and fully
catalytic approach yields absolutely precise and linear polyethylenes of exactly 48 carbon atoms
with a carboxyl group at each end. Studies of aqueous-dispersed nanoparticles obtained by injection
of C46(COOH)2 into an aqueous cesium hydroxide solution revealed these to be self-stabilized,
extended chain crystals. Unlike the conventional monocarboxylic acids or metal carboxylates,
which form bilayer structures, these monodisperse and telechelic PEs contain both longer chains
increasing the mechanical properties and two endgroups strengthening the formation of ionic layers.
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Encouraged by this remarkable driving force for lamellar crystallization in dispersion, this paper
explores the bulk structure of the monodisperse and precise telechelic polyethylenes as solid-state
single ion conductors.

Figure 3.1. Reaction scheme of ionic and acid telechelic polyethylenes: C46(COONa)2,
C46(COOCs)2, C46(COO)2Zn, and C46(COOH)2.

3.2. Experimental Procedures
Materials. All reactions with moisture and air sensitive substances were performed under
an inert gas atmosphere using standard glovebox or Schlenk techniques. Toluene was dried over
sodium prior to use. ZnEt2 (1M in hexanes) and NaOH were supplied by Sigma-Aldrich. CsOH (50
wt% aqueous solution) was supplied by abcr. All deuterated solvents for NMR spectroscopy were
supplied by Eurisotop. Solids were filtrated using polyamide filters (pore size 0.45 µm) supplied
by VWR. Telechelic precursors C21(COOMe)2, C46(COOMe)2, and C46(COOH)2 were prepared
according to a reported procedure.35 All microwave assisted reactions were performed using an
Anton Paar Monowave 300 Microwave reactor in 30 mL borosilicate glass vials with PEEK snapcaps and PTFE coated silicone rubber seals. The reaction temperature was monitored noninvasively by an IR sensor.
General procedures. For the microwave-assisted saponification of C21(COOMe)2 and
C46(COOMe)2, 100 – 200 mg of the respective dimethyl ester, 10 equivalents of metal hydroxide
and 20 mL i-PrOH were mixed in a 30 mL borosilicate glass vial and sealed with a PTFE coated
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silicone rubber seal. The mixture was magnetically stirred in the microwave reactor for 1 h at
160 °C (corresponding to ~9 bar vapor pressure) at 600 rpm. After cooling to room temperature (~
22 °C) the crystallized solids were filtrated and washed with i-PrOH and MeOH subsequently. The
pH of the MeOH filtrate was controlled and washing was continued until no basic reaction was
observed. The solids were dried under reduced pressure. Complete conversion of the starting
material was verified by ATR-IR spectroscopy. All products were obtained in virtually quantitative
yield as colorless powders.
In a 50 mL round bottom flask with nitrogen inlet, 100 - 200 mg of C46(COOH)2 were
degassed, and dissolved in 15 mL of dry toluene at 95 °C. After addition of 1 equivalent of ZnEt2
(1 M solution) via syringe under stirring, the solution was stirred for 30 minutes by a magnetic
stirring bar, and the solvent was removed under reduced pressure to obtain C46(COO)2Zn as a
colorless powder in virtually quantitative yield.
C46(COOMe)2 (1 g, 0.65 mmol) was dissolved in 500 mL of i-PrOH in a 1 L round bottom
flask with a reflux condenser and a magnetic stirring bar. CsOH (1.9 g, 6.5 mmol, 10 equiv., 50
wt% solution in water) was added to the hot solution and the mixture was heated to reflux overnight.
After cooling to room temperature (25 °C), the precipitated solids were filtered off and washed
with i-PrOH and MeOH subsequently until the filtrate was neutral. The solids were dried under
reduced pressure at 60 °C and ATR-IR was used to confirm the complete conversion of the methyl
ester starting material. 1,48 cesium octatetracontanedioate was obtained in virtually quantitative
yield.
3.3. Characterization Methods
ATR-IR. Attenuated total reflectance infrared spectroscopy was performed on a Perkin
Elmer Spectrum 100 FT-IR.
DSC. 4 - 5 mg of the materials were dried under vacuum at room temperature overnight
prior to DSC measurement, and then sealed hermetically into aluminum pans. DSC was performed
on a Netzsch DSC 204 F1. Samples were heated to 200 - 300 °C to remove thermal history, and
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then cooled to -50 °C followed by heating to 200 - 300 °C with a heating/cooling rate of 10 °C/min.
The exothermal or endothermal peak, respectively, temperatures and enthalpy were determined
from the second heating cycle.
Thermogravimetric analysis (TGA) was performed on C46(COONa)2 to obtain the
decomposition temperature using a Sdt Q600 (TA intsruments) with a nitrogen gas flow of 100
mL/min. The sample was heated to 150 °C and held isothermal for 15 min to remove residual water.
Then the sample was cooled to 50 °C and heated to 500 °C at a rate of 5 °C/min.
X-ray scattering. To obtain X-ray scattering profiles as a function of temperature, samples
were dried under vacuum, and filled into 1.0 mm diameter glass capillaries (Charles Super
Company). The Dual Source and Environmental X-ray scattering (DEXS) facility operated by the
Laboratory for Research on the Structure of Matter at the University of Pennsylvania, with a Xeuss
2.0 system (Xenocs) using GeniX3D Cu source (λ = 1.54 Å) was used for C46(COO)2Zn in Figure
A.5 and all C46(COONa)2. Sample-to-detector distances are 35 cm for SAXS and 16 cm for WAXS,
covering a total q range of ~ 0.04 - 3 Å-1. The material was heated to 310 °C to ensure complete
melting and then cooled to ~30 °C followed by heating to 310°C using a Linkam HFSX350-GI
stage. Data were acquired every 20 °C for 5 min, after 3 min equilibration time. The 2D X-ray
scattering profiles were azimuthally integrated to 1D data using Foxtrot software after subtracting
the glass capillary background.
The rest X-ray scattering data were collected using the Multi-angle X-ray scattering
(MAXS) facility at the University of Pennsylvania using Cu Kα source (λ = 1.54 Å) from a Nonius
FR591 rotating anode generator operated at 40 kV and 65 mA. Sample-to-detector distances are 54
cm and 11 cm, corresponding to a total q range of ~ 0.04 - 1.7 Å-1, were used. The temperature was
controlled with a Linkman TMS 94 temperature controller. Samples were heated to ~200 °C to
erase prior thermal history and then cooled to ~30 °C followed by heating back to ~ 200 °C. Data
were collected every 20 °C for 30 min, after 10 min equilibration time. The 2D X-ray scattering
profiles were azimuthally integrated to 1D data using Datasqueeze software after subtracting the
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background. The peaks were fitted with the PseudoVoigt model to extract peak position and the
FWHM. The FWHM from instrumental broadening was less than 0.02 Å-1, which was estimated
from the peak widths of silver behenate. Fitting results are provided in Figure A.5.
Electrochemical Impedance Spectroscopy (EIS). Materials were melt-pressed into 200300 µm thick films and sandwiched between two stainless steel parallel plates with 10-mm upper
electrode diameter. The top electrode was fully covered by the sample film. Ionic conductivity was
measured using a Solartron Analytical Modulab XM MTS spectrometer in a Janis VPF-100 cryostat
with a frequency range of 106 to 10−1 Hz at an amplitude of 100 mV. The samples were
equilibrated at ~180 °C, and then cooled measuring isothermally every 5 °C after 5 min
equilibration time until contact was lost due to crystallization of the sample between the electrodes.
The bulk polymer resistance (R) at each measured temperature was extracted from intersections of
the Nyquist impedance plots on the Z’ axis via the ModuLab XM MTS software. The DC ionic
conductivity (σ) was calculated using =

l
A ×R

. The cell constant l is the polymer film thickness,

which is measured after the experiment completed, and A is the top electrode area. Measurements
were repeated twice on two parallel samples for each material. Error bars were calculated from
standard deviation. The non-ionic C46(COOMe)2 was also measured as a baseline (Figure A.8).
3.4. Results and Discussion
Synthesis. To elucidate their role in the solid-state structure and properties, various PEtelechelics with different counter ions were investigated. Due to the limited solubility of the
telechelic precursor C46(COOMe)2, a high dilution in typical solvents for saponification (e.g. iPrOH) is necessary to assure a homogeneous reaction mixture under traditional reaction conditions.
To overcome this limitation on a laboratory scale, the reactions were conducted in a synthesis
microwave reactor with an operating pressure of up to 30 bars which conveniently allows for
significantly higher concentrations and shorter reactions times. After heating a mixture of
C46(COOMe)2 and an excess of the respective basic metal hydroxide (NaOH or CsOH) in i-PrOH
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to 160 °C (~9 bar) for 1 h, the hardly soluble ionic telechelic materials crystallized from the hot
reaction mixture and were isolated by subsequent filtration. The solids were washed with MeOH
until the filtrate was neutral to assure a complete removal of basic metal hydroxides. As evidenced
by ATR-IR spectroscopy, the absence of the characteristic C=O stretch of the methyl ester moiety
at ~ 1740 cm-1 as well as the O-H stretch at ~3000 cm-1, and the appearance of a band indicative
for metal carboxylates at ~ 1555 cm-1 suggest the full formation of the metal carboxylate groups
(Figure A.1).36 Note that NMR spectroscopy was not feasible for all compounds due to the low
solubility in typical NMR solvents even at close to boiling point temperatures. Elemental analysis
confirmed the identity of the compounds (Table A.1). To understand the role of the crystallizable
alkyl segment in the morphology and material properties, C21(COONa)2 was prepared accordingly
starting from C21(COOMe)2 which is accessible by isomerizing methoxycarbonylation of erucic
acid.37
Other than the aforementioned salts, the divalent C46(COO)2Zn was prepared via an
organometallic route, due to the low basicity and solubility of Zn(OH)2. Pure C46(COO)2Zn was
obtained by reacting a solution of C46(COOH)2 in hot toluene with a stoichiometric amount of ZnEt2
and subsequent removal of the volatiles. ATR-IR evidenced a complete conversion of the
carboxylic acid moieties to a metal carboxylate end group (Figure A.1).
Thermal Analysis. All samples exhibit at least one endothermic process during the second
heating as shown in Figure 3.2, suggesting crystallinity within the structure. Complete DSC traces
from the second heating and cooling cycles are shown in Figure A.2. The endothermic and
exothermic peak temperatures are summarized in Table 3.1. The acid-form compounds,
C21(COOH)2 and C46(COOH)2, exhibit only one thermal transition, corresponding to the melting or
crystallization of the methylene chain. The melting temperature increases from 128 to 135 °C when
the methylene sequence length increases from 21 to 46, which is accompanied by an increase in
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the enthalpy of melting from 208 J/g to 237 J/g. The larger enthalpy of melting in C46(COOH)2
compared to C21(COOH)2 results from the higher crystallinity.

Figure 3.2. DSC traces of (a) C23 and (b) C48 telechelic PEs from the second heating process
showing endothermal transitions. Data was shifted vertically for clarity.
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Table 3.1. Thermal transition temperatures of C23 and C48 telechelic PEs from DSC and the
corresponding type of phase change as determined by X-ray scattering.
Type of alkyl chain

Materials

Texo[°C]a

Tendo[°C]a

C21(COOH)2

113

128

ortho ↔ amorph

C21(COONa)2

100

142

ortho ↔ mono

C46(COOH)2

117

135

ortho ↔ amorph

147

167

ortho ↔ hex

175

212

229

234

aggregate transition

132

138

ortho ↔ hex

C46(COONa)2

C46(COOCs)2

phase transitionb

hex ↔ amorph
aggregate transitionc

191
200
hex ↔ amorph
C46(COO)2Zn
139
168
mono ↔ amorph
a.
Texo, and Tendo represent the exothermic and endothermic peak temperatures at 10°C/min ramp rate.
b.

Mono, ortho, and hex denote monoclinic, orthorhombic, and hexagonal crystal phases,

respectively. Amorph denotes the amorphous state. c.Ionic aggregate morphological transitions.

Compared to the acid-containing materials, the melting points of the metal-cation
neutralized precise telechelic PEs increase by 30 - 70 °C. The significant increase in melting
temperature is mainly due to the strong Coulombic interaction between the carboxylate anions and
the metal cations. As the metal cation size decreases, the Coulombic force becomes stronger, and
thus the melting points increase from C46(COOCs)2 to C46(COONa)2. TGA was performed on
C46(COONa)2 to confirm that the materials are not decomposed before the melting point was
reached (Figure A.3). The total enthalpy required for melting of C46(COO)2Zn (146 J/g) or
C46(COOCs)2 (163 J/g) is lower than that in C46(COOH)2 (237 J/g) despite the stronger ionic
bonding, suggesting that an incorporation of large metal cations perturbs the closely packed alkyl
chains in the crystallites.
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C46(COOCs)2 exhibits two thermal transition temperatures upon heating. The lower
temperature transition arises from a crystal phase transition and the higher temperature transition
results from the crystal to liquid phase transition. Optical microscopy performed as a function of
temperature on C46(COOCs)2 confirms this interpretation (Figure A.4). Previous studies observed
liquid crystal thermotropic phase transitions on metal carboxylates,38 and crystal to liquid
crystalline phase transition in polypeptoid diblock copolymers,39 which give rise to an additional
endotherm before melting in DSC. In contrast to the two aforementioned salts, C46(COONa)2
exhibits three thermal transitions. Details for these transitions were revealed through X-ray
scattering and discussed in the next section.
Layered morphologies. To reveal the structures of C23 and C48 telechelic PEs, X-ray
scattering was performed on the melt-crystallized samples (Figure 3.3). All materials exhibit peaks
at q ~ 1.5 Å-1, which corresponds to the average distances between alkyl backbones in the
crystallites. Table 3.2 summarizes the crystal structure and the corresponding lattice parameters of
melt-crystallized samples at ~30 °C. For C21(COOH)2, C21(COONa)2, C46(COOH)2, C46(COONa)2,
and C46(COOCs)2, the two sharp Bragg peaks at ~ 1.50 Å-1 and ~1.70 Å-1 are consistent with the
{110} and {200} reflections of the orthorhombic PE crystal phase.40 In contrast, C46(COO)2Zn
appears to adopt a monoclinic crystal structure, as indicated by peaks at 1.39 Å-1 and 1.63 Å-1
corresponding to the PE monoclinic {001} and {200} reflections (Figure A.5).41–43 The monoclinic
crystal phase in PE is known to be formed when materials are subject to stress beyond the yield
point which leads to the formation of gauche chain conformations.43 The observation of broad {001}
and {200} peaks in C46(COO)2Zn further confirms that the alkyl chain packing in C46(COO)2Zn
crystallites is perturbed to a large extent.
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Figure 3.3. X-ray scattering of melt-crystallized C23 and C48 telechelic PEs at ~30 °C. The black
triangles correspond to q* and higher order of reflections indicating layered ionic aggregates. Data
were normalized by the peak amplitude ~1.5 Å and shifted vertically for clarity.
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Table 3.2. Summary of crystal structures and lattice parameters as well as the layered aggregate
structure and domain for melt-crystallized telechelic PEs measured by X-ray scattering at ~30 °C.
Lattice parameters (Å)
Materials

a

Crystal structure

dlayer [Å]
a

b

c

Domain size
(ξ) [Å]a

C21(COOH)2

Orthorhombic

7.66

4.76

--

22.8

349.1

C21(COONa)2

Orthorhombic

7.37

5.13

--

31.3

330.7

C46(COOH)2

Orthorhombic

7.61

4.79

--

52.8

169.8

C46(COONa)2

Orthorhombic

7.58

4.81

--

59.3

190.4

C46(COOCs)2

Orthorhombic

7.67

4.90

--

54.6

232.7

C46(COO)2Zn

Monoclinic

7.71

--

4.52

57.6

157.1

Size along the layer normal direction, calculated from FWHM of q*.

The reflections in the lower q-range (q* = 0.1- 0.2 Å-1) and the presence of higher order
reflections with the ratio of 1:2:3:4, etc. relative to q* indicate layered ionic aggregate
morphologies in these telechelic PE materials. Due to the high electron density from metal cations
and the well-organized layered structure, layer peaks are observed even up to the 12th order in
C46(COOCs)2. The layered ionic aggregate morphologies were previously observed in a series of
precise acid- and ion-containing PEs functionalized on every 21st backbone carbon.17,19,22 The
average ionic layer center-to-center distance is calculated from 𝑑layer = 𝑑h × ℎ , where h is the
Miller index of the peak, and dh is the d-spacing calculated from the peak position in X-ray
scattering profiles, Table 3.2. The dlayer increases from ~ 25 Å to ~ 55 Å as the chain length increases
from C23 to C48 telechelic PEs. Figure 3.4b shows a comparison of dlayer of telechelic PEs and the
estimated layer-to-layer distances (d0) with all-trans chain conformation and no chain tilt. The ionic
bond lengths between the carboxylate groups and metal cations were calculated based on references
values.38,44–46 The fact that all dlayer are slightly smaller than d0 suggests that the chain conformations
are extended across the crystalline domain and the alkyl segments are tilted relative to the ionic
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basal plane in the crystals (Figure 3.4a). The estimated chain tilt angle (Φ) was calculated using
cos Φ =

dlayer
d0

. As shown in Figure 3.4b, there is 20 - 40° chain tilt in each polymer, which is

consistent with the average tilt angles in PE crystals.47 The chain tilt decreases the areal density of
the pendant groups at the layer surface to better accommodate the metal cations into the layers.

Figure 3.4. (a) Illustration of layered structures in crystallites of C23 and C48 telechelic PEs. The
black lines, blue spheres, and red spheres represent the alkyl chains, carboxylate anions, and
cationic counter ions, respectively. (b) Average layer-to-layer distances (squares) of C23 (green)
and C48 (blue) telechelic PEs from X-ray scattering and estimated chain tilt angles (Φ, triangles)
relative to the metal cation basal plane. Dashed lines represent the estimated layer-to-layer distance
for non-tilted chains (d0). The material notations are simplified for clarity.
The layered morphology is exceptionally well-defined as quantitatively indicated by the
number of higher order reflections. The domain sizes (Figure 3.4a, Table 3.2) along the layer normal
were calculated using the Scherrer equation, ξ =

2π
∆q

where ∆𝑞 is the FWHM from the first order

layer peak (Table B.2). The narrow q* peaks in the C23 telechelic PEs suggest a large correlation
length (~ 330 Å) along the layer normal. This implies that there are at least 10 - 15 layers, on
average, stacked within a domain of C21(COOH)2 and C21(COONa)2. In contrast, in C48 materials,
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the correlation lengths along the layer normal direction are ~ 160 – 230 Å, which indicates that the
domain sizes are smaller in C48 materials and consist of just are 2 - 4 layers per domain. The smaller
C23 telechelic PE molecules have greater mobility during crystallization and this probably
contributes to the larger domain sizes, although the domain size will be very sensitive to processing
conditions. The poorly ordered crystals of C46(COO)2Zn, as evidenced by broad X-ray scattering
peaks at q > 1.4 Å, also have the smallest domain size. Incorporating divalent Zn2+ cations, which
requires two COO- groups and thus two telechelic molecules, significantly impedes the alkyl chains
crystallization and layer assembly, compared to the monovalent ions.
Structural transitions. To elucidate the structural underpinnings of the thermal transitions
observed in DSC, in situ X-ray scattering was performed on all materials during cooling from the
melt and the subsequent heating process. Complete X-ray data at all studied temperatures are
presented in Figure A.6. In Figure 3.5, we show the X-ray scattering of C46(COO)2Zn, C46(COOCs)2,
and C46(COONa)2 at selected temperatures during the second heating process. Although omitted
from this discussion, the morphology transitions are similar upon cooling and fully reversible.
First, we examine the wide-angle X-ray scattering profiles representing the alkyl chain
packing behaviors. At 33 °C, the PE backbones in C46(COO)2Zn are semi-crystalline with a
monoclinic crystal structure with q{001} = 1.40 Å-1 and q{200} = 1.57 Å-1. When the temperature
increases to 174 °C, which is above the Tm (168 °C), the PE backbones directly melt as
demonstrated by the appearance of a single broad amorphous peak ~ 1.38 Å-1. In C46(COOCs)2, the
two peaks at 1.52 Å-1 and 1.63 Å-1 indicate an orthorhombic crystal structure at 33 °C. As the
temperature increases to ~ 140 °C, the {110} and {200} reflections of the orthorhombic crystal
structure evolve into a single peak at ~ 1.44 Å-1 indicative of a hexagonal crystal structure. Then,
when the temperature increases to ~ 200 °C, the PE backbones in C46(COOCs)2 become amorphous.
Similarly, C46(COONa)2 exhibits an orthorhombic to hexagonal crystal structural transition at ~
150 °C before melting. The crystal structure transitions in C46(COOCs)2 and C46(COONa)2 are also
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evident when cooling from the melt and are thus reversible, see Figure A.6. The crystal phase
transitions at temperatures below melting in C46(COOCs)2 and C46(COONa)2 suggest that the strong
ionic interaction between the monovalent ions plays an importance role in preserving crystallinity.
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Figure 3.5. in situ small-angle (left) and wide-angle (right) X-ray scattering profiles of (a)
C46(COO)2Zn, (b) C46(COOCs)2, and (c) C46(COONa)2 at several temperatures during second
heating. The numbers in the small-angle scattering data are q/q*. Mono, ortho and hex in wideangle scattering data represent the monoclinic, orthorhombic and hexagonal alkyl chain crystal
structure. Data are shifted vertically for clarity.
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Next, we study the reversible changes in the ionic aggregate morphologies with
temperature according to the X-ray scattering profiles in the small q-range. In C46(COO)2Zn and
C46(COOCs)2, the scattering peaks with q / q* = 1, 2, 3, 4, etc. disappear at ~ Tm, indicating that the
layered ionic aggregates are destroyed when the alkyl chains become amorphous. Interestingly, the
crystal structure transition in C46(COOCs)2, from orthorhombic to hexagonal, occurs without
impacting the layered ionic aggregates, and dlayer only increases 2% from 33 °C to 174 °C which is
easily attributed to thermal expansion.
Notably in C46(COONa)2 (Figure 3.5c), we also observe a morphological transition in the
ionic aggregates. At 30 °C, the eight peaks at q / q* = 1, 2, 3, 4, 5, 6, 7, and 8 indicate layered ionic
aggregates, as discussed above. Between 150 °C and 210 °C, the layered aggregates gradually
transit into a morphology with hexagonal symmetry. At 210 °C, the peak ratios, q / q* = 1, √3, √4,
√7, √9, √12, √13, √16, √19, and √21 (q* = 0.146 Å−1), are consistent with the sodium carboxylate
groups packing on a hexagonal lattice (ahex = 49 Å). At this elevated temperature, the alkyl chains
are melted, and the strong ionic interactions give rise to a periodic aggregate morphology in this
precise telechelic PE. This hexagonal symmetry of the ionic aggregates further evolves as the
temperature increases above 230 °C. This demonstrates that the thermal transition in C46(COONa)2
at 234 °C in DSC is associated with an ionic aggregate transition from hexagonal symmetry to
another periodic structure. This reversible ionic aggregate morphology transition in C46(COONa)2is
probably associated with the strong electrostatic interaction between Na+ and COO- groups, and the
long alkyl spacers. Additional detailed studies are needed to fully define this aggregate-aggregate
transition.
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Figure 3.6. Summary of the X-ray scattering and DSC results for C23 and C48 telechelic PEs during
heating. Dashed line denotes the endothermic transitions from DSC (Table 3.1). The symbols
indicate the structure of the PE backbone. The letters represent the shape of the ionic aggregates.
The material notations are simplified for clarity.
Figure 3.6 summarizes the PE backbone structures and ionic aggregate morphologies at
each measured temperature during heating for C23 and C48 telechelic polyethylenes. C21(COOH)2,
and C46(COOH)2, exhibit an orthorhombic backbone crystal structure accompanied with the
formation of ionic layers below T m. When the backbones in these two are melted above T m, the
ionic layers become disordered. In C46(COONa)2 and C46(COOCs)2, the alkyl chains show
orthorhombic to hexagonal to amorphous phase transitions as the temperature increases. In
C46(COONa)2, a layered to hexagonal symmetry transition was observed in the ionic aggregate
morphologies, in addition to the alkyl chain structural change. C46(COO)2Zn, unlike the other
telechelic PEs that have orthorhombic crystals at low temperature, displays a monoclinic crystal
structure below Tm. The crystal phase transitions occurring in C21(COONa)2, C46(COONa)2, and
C46(COOCs)2 are likely due to an increased chain mobility at elevated temperatures, while the
strong Coulombic forces between the metal cations and the carboxylate groups in the layered ionic
aggregate structures prevent the crystal from direct melting.
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Ionic conductivity. The temperature dependence of ionic conductivities () in
C46(COONa)2, C46(COOCs)2, and C46(COO)2Zn was investigated upon cooling from 180 °C
(Figure 3.7). Within the accessible temperature range, the ionic aggregates of C46(COONa)2 and
C46(COOCs)2 are organized in a layered morphology. The C46(COO)2Zn material is in the melt state
at 180 °C, and was measured during cooling until contact between the electrodes and the sample
was lost due to the onset of crystallization at ~ 150 °C. Usually, the ionic conductivity in polymer
electrolytes displays a Vogel-Fulcher-Tammann (VFT) temperature dependence above the glass
transition temperature, because the ion transport is coupled to polymer segmental dynamics. On
the contrary, the ionic conductivities of all three C48 telechelic PEs exhibit an Arrhenius-like
−E

temperature dependence, σ = σ0 exp ( RTa), where 0 is the ionic conductivity at infinitely high
temperature, and Ea is the activation energy for ion conduction. The fitting parameters are
summarized in Table 3.3.
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(a)

C46(COONa)2

Hexagonal

Orthorhombic

(b)

C46(COOCs)2
Hexagonal

(c)

Orthorhombic

C46(COO)2Zn
Amorphous

Monoclinic

Figure 3.7. DC ionic conductivity () of (a) C46(COONa)2, (b) C46(COOCs)2, and (c) C46(COO)2Zn
as function of 1/T. Colored markers, error bars, and solid lines represent experimental data,
standard deviation, and fitting from Arrhenius functions, respectively. Black dashed lines indicate
structure transition temperatures upon cooling from DSC. The corresponding alkyl chain structures
are as labeled. The ionic conductivity baseline from the non-ionic C46(COOMe)2 is provided in
Figure A.8.
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Table 3.3. Arrhenius parameters for the temperature dependence of ionic conductivity.
Material

σ0 [S/cm]

Ea [kJ/mol]

C46(COONa)2

10.1

69.6

C46(COOCs)2, ortho

20.5

101.7

C46(COOCs)2, hex

3.75

43.9

C46(COO)2Zn

1.69

35.9

Comparing the ionic conductivity in the C46(COONa)2 and C46(COOCs)2 hexagonal crystal
phase, C46(COOCs)2 has a higher σ and lower activation energy indicating that the weaker ionic
bonding between the large Cs+ cations and COO- groups provides the materials with higher ion
mobility and thus higher conductivity. We also observe that the Ea in C46(COONa)2 is independent
of the crystal structure change transition that occurs upon cooling. Unlike C46(COONa)2, the
structural transition from hexagonal to orthorhombic upon cooling in C46(COOCs)2 increases Ea by
2 times. This could be attributed to the higher chain mobility in the hexagonal phase facilitating
transport of the more delocalized Cs+ cations. C46(COO)2Zn exhibits the smallest activation energy
(Ea = 33.5 kJ/mol), which probably originates from its amorphous structure between 180 °C and
155 °C.
Although the overall ionic conductivities in these precise telechelic PEs are low, these
results show that ions within layered aggregates between crystallites can be decoupled from the
chain segmental motions. This study adds to the collection of precise polymers with periodic
layered ionic aggregates that provide a novel design concept for future single-ion conductors. The
molecular architecture of these monodisperse and precise telechelic PEs allows the polymers to
crystallize and self-assemble with layered ionic aggregate morphologies that could direct the ion
transport through the ion-rich planes. Further improvement of their ion conductivities could be
possible by adding small and polar organic molecules to facilitate cation dissociation from the
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tethered anions. Another option to enhance the ionic conductivities in these precise telechelic PEs
is to align the crystallites to produce highly anisotropic transport properties. Future research will
be focused on these two prospects to promote ion transport in the precise telechelic PEs.
3.5. Conclusions
We have demonstrated that monodisperse and precise telechelic polyethylenes containing
carboxylic end groups form highly-ordered layered morphologies capable of transporting various
ions in these ionic layers. By saponification of C48 telechelic dimethyl esters from catalytic chaindoubling of renewable erucic acid, different counter ions, namely H+, Na+, Cs+, and Zn2+, were
introduced to the carboxylic moieties. These cleanly yielded ionic, linear and monodisperse
telechelic PEs self-assemble into well-defined layered structures with acid or ion-rich layers
embedded between the PE crystallites. The extended chain conformations in the crystallites
(orthorhombic, monoclinic, or hexagonal) are tilted 20 – 40° to accommodate the end groups. In
C21(COONa)2, C46(COOCs)2, and C46(COONa)2, a crystal phase transition occurs at elevated
temperatures allowing the ionic layered structure to persist until the backbone becomes amorphous
at 200 °C. In addition to the crystalline transition of the alkyl chains, C46(COONa)2 exhibits a
layered to hexagonal symmetry transition of the ionic aggregates. The thermally robust layered
ionic aggregates lead to Arrhenius-like ionic conductivities up to at least 180 °C. Although the ionic
conductivities are low, the decoupling of ion motion from the long backbone segmental dynamics
is a promising feature that merits further investigations of the new precise telechelic polyethylenes.
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CHAPTER 4.
NEARLY PRECISE IONOMERS FROM STEP-GROWTH POLYMERIZATION:
HIGHLY ORDERED IONIC AGGREGATES AND ION CONDUCTION
4.1. Introduction
Rechargeable lithium-ion batteries are one of the widely used battery systems and are an
important aspect of the rising clean energy landscape.1–4 The development of solvent-free, solid
polymer electrolytes (SPEs) to replace these classical liquid electrolytes is essential as they are
inherently safer and have the potential to be multifunctional.5–8 Compared to a conventional
polymer lithium salt system, single-ion conductors, where anions are covalently bonded to the
polymer backbones, can overcome the concentration polarization issue that arises from free anion
migration.9–12 Ionomers are one type of single-ion conductors, that contain a small fraction of
covalently bonded ionic groups.13,14 The nanoscale phase separation in ionomers, which is due to
the high dielectric constant of the ionic groups compared to the low dielectric constant polymer
backbone, gives rise to various shapes and sizes of ionic aggregates.15–17
Extensive studies have demonstrated that the ion transport in ionomers are coupled with
polymer segmental motion at temperatures higher than the glass transition temperature (Tg).18–25
Conductivity requires the availability of charge carriers and high mobility of these carriers, thus
requiring high chain mobility. Consequently, a well-established method to enhance ion conduction
is to lower the glass transition temperature.12,26–28 Nonetheless, decreasing the Tg to promote ion
transport leads to a reduction in the mechanical properties of SPEs.5,29–31 This trade-off would thus
require optimization of both mechanical strength and ionic conductivity. Fundamental knowledge
of the ionic aggregate morphology effect in ionomers could shed light on understanding the ion
transport mechanism and resolving the long-standing limitation in SPEs.
We have been working to elucidate the connection between aggregate morphologies and
properties using a series of precise polyethylene (PE)-based precise acid or ion-containing
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polymers synthesized via acyclic diene metathesis (ADMET).32–36 According to X-ray scattering,
these precise polymers exhibit uniquely uniform nanoscale morphologies that enable us to
understand the morphological effect on mechanical properties or ion transport, in contrast to
randomly functionalized PE copolymers.34,35,37–44 While direct microscopy imaging of ionic
aggregate morphologies was only achieved with limited success due to the issues arising from
projection direction,17,34 both coarse-grained (CG) and atomistic molecular dynamics (MD)
simulations were used as alternative approaches to investigating the dynamics and morphologies
of ionic aggregates.36–38,45–47 The MD simulation results in these precise PE-based ionomers show
excellent agreement with X-ray scattering data and further reveal that ion aggregate morphology
varies from compact isolated, branched stringy, to a highly percolated morphologies as the
neutralization level increases.36,45,46 Further study show that percolated systems resulted from
higher ion concentration yields higher conductivities in comparison with the isolated systems48,49
and the ion diffusivity within the aggregates exhibit superionic transport that is decoupled from
polymer segmental dynamics as evidenced by various CG and atomistic MD simulations. 47,50
Therefore, producing percolated ionic aggregates are promising to decouple the ion transport from
the polymer segmental dynamics leading to a high ionic conductivity without mitigating
mechanical integrity.51 Although the PE-based precise ionomers have been proven to produce welldefined nanoscale morphologies with possible percolated ion transport pathways, systematic
experiments are limited by current synthesis methods.
A recent study on morphology characterization of a series of nearly precise ionomers,
where the acid groups are separated by either n or n+1 methylene group, also observed uniform
morphologies and showed that the nearly precise ionomers are essentially indistinguishable from
the strictly precise polymers.52 However, this preliminary study only investigated one polymer
system with a single ion content. Encouraged by that study, we report herein a scalable synthesis
of a new series of nearly precise acid-containing polymers and their neutralization with lithium
salts. These newly designed ionomers contain twice as many acid groups in the repeating unit
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comparing to the precise ionomers studied before and this new polymer structure provides more
neutralization sites to achieve high Li+ contents. The degree of acid group neutralization varies
from ~ 20% to ~ 80%, allowing a systematic study of the ion content effects on ion transport. The
nearly precise ionomers at high levels of neutralization exhibit highly ordered ionic aggregate
morphologies and decoupled ion conductivities from polymer segmental dynamics at T > T g. This
decoupled ion transport behavior sets a promising direction to design SPEs without compromising
the mechanical properties associated with reducing the Tg.

4.2. Experimental Section
Materials. 1,6-hexanediol and 1,12-dodecanediol, lithium acetate, and lithium tertbutoxide (2M in THF) were purchased from Sigma Aldrich. 1,6-hexanediol and 1,12-dodecanediol,
and lithium acetate were dried under vacuum at 60 ºC overnight to remove water prior to storage
in a glove box. 1,2,3,4-butanetetracarboxylic dianhydride (>96%) and pyridine (anhydrous,
99.5+%, sealed in argon) were purchased from TCI and Alfa Aesar, respectively. Water sensitive
chemicals are stored in the argon-filled glove box.
Synthesis of Carboxylic Acid-Containing Polymers. The nearly precise carboxylic acidcontaining polymers were synthesized by step-growth polymerization of 1,6-hexanediol or 1,12
dodecanediol and 1,2,3,4-butanetetracarboxylic dianhydride. A 1:1 molar ratio of monomers was
added into the flask in the glove box followed by adding 20 wt% anhydrous pyridine as both the
catalyst and solvent. The reaction was stirred at 85ºC for 6 hours under an argon environment until
the magnetic stirring stopped due to the high viscosity of the products. The resulting polymers were
then dissolved in THF and precipitated into cold hexane to remove unreacted monomers. The
precipitated polymers were filtrated followed by vacuum drying at 40 ºC overnight to remove
residue solvent. The final polymers are named PExBA, where x = 6 or 12 indicates the number of
carbons in the starting diol molecules.
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Synthesis of Lithium Carboxylate Ionomers. The nearly precise lithium carboxylate
ionomers were prepared by neutralizing the corresponding acid-containing polymers. The
neutralization procedure started by dissolving PE6BA or PE12BA polymers in THF with a
concentration ~ 5 wt%. A stoichiometric amount of dried lithium acetate salt was dissolved in THF
at ~ 5 wt% concentration. The lithium acetate or lithium tert-butoxide THF solution was then added
dropwise into the polymer THF solution. The reaction was stirred for 2 hours at room temperature
and the precipitated product was recovered via vacuum filtration. Dialysis was then performed in
DI water to remove the excess amount of lithium salts. The extent of neutralization achieved from
this neutralization process was determined by elemental analysis at Galbraith Laboratories
(Knoxville, TN) on C, H, and Li from ~ 50 mg of samples. The error in the reported neutralization
mole percentage is ~ ± 5%. The neutralized samples are denoted with nLi, where n is the
percentage of carboxylic acid groups that are neutralized.
Materials Characterization. All 1H NMR (360 MHz) spectra were recorded in d6-DMSO
(D, 99.9%, with ± 0.05 v/v TMS, Cambridge Isotope Laboratories, Inc.) on a Bruker DMX 360
NMR spectrometer with 32 scans at 25 ºC. Data is analyzed using Topspin 3.5 pl 7 software. NMR
spectra are provided in Figure B.1 and Figure B.2.
FTIR was performed on a Thermo Scientific Nicolet iS5 spectrometer at room temperature
with 2 cm-1 resolution and 32 scans. Polymer water solutions were dropped cast onto silica wafers
and dried prior to FTIR scans. After subtracting the silica background, curves were normalized by
the C-H bending absorption peak at 1466 cm-1 after subtracting the silica background.
Polymer molecular weights and dispersity were determined by using a Tosoh EcoSEC GPC
with dual flow refractive index detector. The GPC was configured with three single-pore gel
columns (Tosoh) at 40 ºC, with HPLC grade THF (Sigma Aldrich) as the mobile phase at a flow
rate of 1 mL/min. The injection was made at ~ 0.05 wt% sample concentration with 500 µL
injection volume. The retention time was calibrated using narrow molecular weight polystyrene
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standards (Sigma Aldrich, Polystyrene Low Molecular Standard ReadyCal Set: Mp from 250 g/mol
to 70000 g/mol). All standards were selected to include Mp covering the expected polymer range.
DSC measurements were performed on a TA Instruments Q2000 digital scanning
calorimeter. The 5-10 mg polymer samples were dried in a vacuum oven at 60 oC overnight and
sealed in hermetic pans prior to DSC measurement. Dried samples were equilibrated at 25 ºC in
DSC, then heated to 150 ºC to remove thermal history, and then cooled to –20 ºC followed by
heating back to 150 ºC with 10 ºC/min ramp rate. The glass transition temperature was determined
by the inflection point of the change in heat flow from the second heating scan via Universal
Analysis. DSC thermograms are provided in Figure B.4.
X-ray scattering data were acquired in the multiangle X-ray scattering (MAXS) facility at
the University of Pennsylvania with a Cu Kα source with a wavelength of 1.54 Å. The scattering
data were collected for 30 min at a sample-to-detector distance of 11 cm. Samples prepared for Xray scattering were melt-pressed in a Carver 4122 hot press at 1 psi, 100 °C for 10 min and were
stored in an evacuated desiccator at room temperature prior to experiments. Two-dimensional data
reduction and analysis of data were performed using the Datasqueeze software.
Ionic conductivity measurements were carried out via electrochemical impedance
spectroscopy (EIS). Samples were prepared by drop-casting the ionomer water solution onto 20mm
diameter stainless steel electrodes with two 100 μm silica spacers. Water was evaporated to form a
thin film on the electrode, and the polymer films were then placed in a vacuum oven at room
temperature overnight to remove moisture. The dried sample films were sandwiched between two
parallel electrodes with a 10 mm diameter electrode on top. Impedance spectra were measured
using a Solartron Analytical Modulab XM MTS spectrometer in a Janis VPF-100 cryostat, with a
frequency range of 10−1 to 106 Hz at an amplitude of 100 mV. Samples were annealed at 370K or
400K until equilibrium was reached in the cryostat and measured every 5 K when cooled down
after 10 minutes of equilibration time at each measured temperature. The bulk resistance of the
sample (R) was determined by fitting the Nyquist plot with an equivalent circuit composed of
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constant phase elements (CPE) and a resistor via XM-studio software. Details of impedance data
fitting are provided in Appendix B. The ionic conductivity was then calculated using equation σ =
l
R×A

, where l is the sample thickness and A is the electrolyte area.

Figure 4.1. Reaction scheme of PExBA polymers (x = 6 or 12). The blue and red colors represent
the nucleophilic attack happened at the C2 or the C5 carbonyl carbon, respectively, in the 1,2,3,4butanetetracarboxylic dianhydride.

4.3. Results and Discussion
Synthesis. Figure 4.1 shows the step-growth polymerization of 1,6-hexanediol or 1,12dodecanediol and 1,2,3,4-butanetetracarboxylic dianhydride to produce the nearly precise
carboxylic acid-containing polymer. The hydroxide groups in the diol molecules attack either the
second or fifth carbonyl carbon in the 1,2,3,4-butanetetracarboxylic dianhydride molecules,
therefore, the resulting polymer has a mixed chemical structure of proximal and distal carboxylic
acid units.56 Anhydrous pyridine was added at 20 wt% as a catalyst to avoid from further reactions
of diol and the pendant carboxylic acid groups. When the reactions were conducted at temperatures
higher than 120 ºC for over 6 hours insoluble polymers resulted indicating crosslinking. Therefore,
the reaction conditions were 85 ºC for 6 hours to prevent crosslinking. The 1H NMR spectra
provided in Figure B.1, and Figure B.2 show no evidence of crosslinking from the hydrogen
integration numbers in 1H NMR spectra and polymers dissolve in THF or DMSO at room
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temperature. The number-averaged molecular weights (Mn) and polydispersity index (PDI) were
determined by GPC and are listed in Table 4.1. The volume fraction of pendant carboxylic acid
groups is 0.27 for PE6BA and 0.20 for PE12BA. Here, PE12BA has comparable acid group volume
fraction to p9AA (Φacid = 0.20), where carboxylic acid groups are placed on every 9th carbon along
the PE backbone.35 These nearly precise acid-containing polymers were neutralized with lithium
cations and the extent of Li+ neutralization on the acid groups ranges from 14% to 80% as
determined from elemental analysis. The wide range of lithium-ion neutralization level allows a
systematic study of the relationship between ion content and morphologies, as well as ion transport
properties.

Table 4.1. Basic physical properties of PExBA polymers.

a

Polymers

DPn

Φacida

Mn
[kg/mol]

PDI

Tg [°C]

PE6BA

32.9

0.27

10.8

2.4

8.7

PE12BA

28.5

0.20

11.4

2.2

-3.3

Volume fractions of acid groups are calculated from Van der Waals volume via Chemicalize

software.

FTIR and Thermal Properties. To confirm the neutralization, FTIR spectra of the nearly
precise polymers before and after Li+ neutralization are compared in Figure 4.2. The absorption
bands at ～1740 and ～1710 cm-1 in PE6BA and PE12BA correspond to the C=O stretching
vibration from the ester groups and the dimer form of carboxylic acid groups, respectively in
PE6BA and PE12BA. After neutralizing the carboxylic acid groups with Li+, new absorption bands
at 1585 and ~1415 cm-1 appear, which arise from the asymmetric stretching mode of negatively
charged carboxylate groups.54 The relative intensity of the absorption bands at 1585 cm-1 and ~1415
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cm-1 increase with the degree of neutralization, thereby reflecting more negatively charged
carboxylate groups appear in the polymers. The decrease in the absorption band intensity at ~ 1710
cm-1 indicating the decreased dimer form -COOH contents, further confirms the increased
neutralization level in the polymers.

Figure 4.2. Comparison of FTIR between (a) PE6BA and (b) PE12BA polymers before and after
Li+ neutralization.

DSC was performed on all materials to investigate the effect of ion content on thermal
properties. All polymers are amorphous and only exhibit a single glass transition temperature
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regardless of ion content, see Figure B.4. The short methylene sequences (6 or 12 carbons), the
presence of associating acid or ionic groups, and atacticity impede the crystallization of these
polymers. Figure 4.3 displays the correlation between Tg and neutralization levels in PE6BA and
PE12BA ionomers. The methylene sequence lengths have a small influence on Tg than the ion
contents in these polymers. The shorter methylene spacer lengths exhibit a higher glass transition
temperature at 0%Li: -3.3 °C for PE6BA and 8.7 °C for PE12BA. The glass transition temperatures
of the ionomers increase dramatically and monotonically with the neutralization level, particularly
for PE6BA-82Li (Tg = 102 °C). The high level of acid and ionic aggregation in the highly
neutralized ionomers gives rise to the reduced chain mobility, which is reflected in an increase in
Tg.

Figure 4.3. Glass transition temperature (Tg) versus Li+ neutralization level in PE6BA and PE12BA
polymers.

Room Temperature Morphologies. The effect of lithium neutralization on the
morphologies of PE6BA and PE12BA ionomers is evident in X-ray scattering, Figure 4.4. The peak
positions were extracted by fitting with pseudo-Voigt functions and the fitting parameters are in
Appendix B (Figure B.5, Figure B.6, and Table B.1). The lack of crystallinity in PE6BA and
PE12BA polymers observed by DSC is further confirmed from X-ray scattering. All materials
exhibit an isotropic and broad peak at q ~ 1.4 Å-1 that arises from amorphous polymer backbone
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scattering. The ionomer peaks in the lower q-range (0.1 - 0.7 Å-1) correspond to the average
distances between acid or ionic aggregates (daggregates).
Prior to neutralization, the broad scattering features in PE6BA (0.69 Å-1) and PE12BA
(0.30 Å-1) correspond to the average distances between liquid-like packing of carboxylic acid
aggregates formed via hydrogen bonding (daggregate = 2π/q = 9.1 and 20.9 Å).58 Previous studies
show that pseudorandom acid-containing polyethylenes do not exhibit the acid aggregate peak due
to the lack of uniform spatial periodicity of the pendant groups along the polymer backbone.35 In
contrast, PE6BA and PE12BA with the well-defined placements of the pendant groups give rise to
better-defined interaggregate distances that lead to the low-q peaks from X-ray scattering. Upon
neutralization, the low-q peaks become more intense compared to the acid form of the polymers as
a result of the higher electron density contrast. Interestingly, a second order peak with 1:2 q ratio
appears in the highly neutralized PE6BA ionomers (PE6BA-65Li and PE6BA-82Li), suggesting
exceptional uniformity in these ionic aggregate morphologies and the structural underpinnings of
this 2nd order peak requires further investigation.

Figure 4.4. Room-temperature X-ray scattering data of PE6BA (left) and PE12BA (right) polymers.
The I vs q data were integrated from 360° azimuthal angles. Data were shifted vertically for clarity.
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Figure 4.5a shows the average distance (daggregate) between acid or ionic aggregates as a
function of neutralization. First, we examine the effect of spacer lengths on ionic aggregation
behaviors. For the daggregate in PE6BA and PE12BA polymers at similar neutralization levels, it is
observed that increasing the alkyl spacer lengths leads to larger daggregate. This trend is more
profound for polymers at low neutralization levels (0 - 20%) that the daggregate in PE12BA and
PE12BA-21Li (~ 22 Å) are twice the distances in PE6BA and PE6BA-14Li (~ 10 Å). The larger
alkyl lengths increase the spacing between ionic or acid groups and therefore make the aggregates
further apart.

Figure 4.5. (a) Average distances between the acid or ionic aggregates, (b) FWHM of ionomer
peaks as a function of neutralization level in PE6BA and PE12BA polymers, and (c) schematic of
ionic aggregate morphologies at different degrees of lithium-ion neutralization.
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Increasing the degree of neutralization from 0% to ~30%, the daggregate increases by 10 Å in
PE6BA polymers and 5 Å in PE12BA polymers. We attribute the larger interaggregate distances
after introducing lithium ions to increased aggregate sizes from the stronger electrostatic
interactions compared to small dimer-form acid aggregates (Figure 4.5c).48,49,58 Further neutralizing
the polymers to higher levels (>30%) gives rise to higher ionomer peak intensity due to enhanced
electron density contrast from the incorporation of Li ions, but has little change on the peak position.
This indicates that daggregate becomes less dependent on modest or high neutralization levels. Recent
atomistic MD simulations on precise poly(ethylene-co-acrylic acid) ionomers with acid group
volume fraction (Φacid) of 0.13 - 0.20 reveal that increasing neutralization level mainly changes the
connectivity of ionic aggregates instead of their inter- or intra-aggregate distances.49,59 Because
PE12BA and PE6BA contain comparable Φacid (0.20 - 0.27), we expect a similar increase in the
ionic aggregate connectivity, namely from isolated to interconnected aggregates (Figure 4.5c).
Such change in the ionic aggregate morphologies is not manifested in the inter- or intra aggregate
distances and that would explain the weak dependence of daggregate on ion contents at modest or high
neutralization levels.
Figure 4.5b compares the ionomer peak widths with the neutralization level. When the
neutralization level increases from 0% to higher than 40%, the full width at half maximum (FWHM)
of the low-q peaks dramatically drops from ~ 0.4 A-1 to ~ 0.02 Å-1. The unusual sharp peaks in
highly neutralized PE6BA and PE12BA ionomers arise from the uniform periodicity of the pendant
groups and the high ion contents, which contribute to the high packing order of the aggregates.52
Ion Conductivities. The ion transport properties of PE6BA and PE12BA ionomers were
examined as a function of temperature as shown in Figure 4.6. The ionic conductivities (𝜎𝐷𝐶 )
increase by about one order of magnitude from PE12BA to PE6BA ionomers at a similar degree of
neutralization, which is consistent with the higher total number of ions at a given neutralization
level in the PE6BA ionomers. Increasing the neutralization level above 20% leads to an order of
magnitude enhanced ionic conductivities in both PE6BA and PE12BA ionomers. This change in
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the ionic conductivities occurs concurrently as the change in daggregate and FWHM (Figure 4.5). As
a consequence, we attribute this increase in 𝜎𝐷𝐶 mainly to a change in ionic aggregates connectivity.
Further increasing the neutralization level does not significantly increase the conductivity and the
most neutralized ionomers (PE6BA-82Li and PE12BA-79Li) exhibit even slightly lower ionic
conductivity than the moderately neutralized analogues at the same temperate. This is mainly
ascribed to the enhanced Tg in highly neutralized PE6BA and PE12BA ionomers restricting the
polymer chain segmental dynamics and consequently the ion transport.
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Figure 4.6. Ionic conductivity of lithium-ion neutralized PE6BA and PE12BA ionomers as a
function of (a) 1/T and (b), (c) Tg/T. Solid lines are fits to the VFT or Arrhenius equation.
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The Tg normalized 𝜎𝐷𝐶 of PE6BA and PE12BA ionomers are shown in Figure 4.6b and c.
The ionic conductivities systematically increase with the neutralization level in both PE6BA and
PE12BA ionomers. This trend could result from both a higher total ion content and the change in
ionic aggregate size and shape when increasing the neutralization level. The ionic conductivities of
partially neutralized ionomers are well described with the Vogel−Tammann−Fulcher (VTF)
−𝐷

equation: 𝜎 = 𝜎0 exp (𝑅(𝑇−𝑇 )), where 𝜎0 is the ionic conductivity at infinitely high temperature,
0

T0 is the Vogel temperature, and D is reciprocally related to fragility. All fitting parameters are
summarized in Table B.2. This VFT temperature-dependence behavior suggests that ion transport
in partially neutralized ionomers is coupled with polymer chain segmental dynamics at T > T g.
Notably, 𝜎𝐷𝐶 in PE6BA-82Li, PE6BA-65Li, and PE12BA-79Li exhibits the Arrhenius-like
behavior even at T > Tg. This Arrhenius-like temperature dependence implies a decoupling of the
ion transport from the polymer backbone dynamics in PE6BA-82Li, PE6BA-65Li, and PE12BA79Li. Recent atomistic MD simulation studies on the fully neutralized precise poly(ethylene-coacrylic acid) ionomers observed percolated ionic aggregates48,49 and Li+ motion inside aggregates
is faster than the polymer segmental relaxation.54,60 The nearly precise ionomers studied herein
contain comparable acid group volume fraction compared the precise poly(ethylene-co-acrylic acid)
ionomers at similar neutralization level. We thus infer the decoupling of ion transport from the
chain segmental motion is related to the high connectivity of the ionic aggregates in PE6BA-82Li,
PE6BA-65Li, and PE12BA-79Li.
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Figure 4.7. Reduced ionic conductivity (σr) of PE6BA and PE12BA ionomers as a function of
neutralization percentage at Tg + 20 K. The dash lines are fits with a linear function.

To extend our analysis to the effect of ion content, we extract the reduced conductivity at
20 K above Tg for each ionomer as a function of neutralization (Figure 4.7). The Tg + 20 K was
chosen because all materials were tested at such temperature. We observe that the reduced ionic
conductivities at Tg + 20 K increases with the neutralization level monotonically, suggesting higher
ion concentrations give rise to higher ionic conductivity. The fact that PE6BA ionomers have
almost an order of magnitude higher conductivity compared to PE12BA ionomers at similar
neutralization level correlates to higher ion concentrations. Both the ion contents and the ionic
aggregate morphologies have a critical impact on the overall ion conduction. However, the overall
ionic conductivities are still limited due to the strong electrostatic interaction between carboxylate
anions and the lithium cations. Future efforts to enhance the ionic conductivities in ionomers will
involve facilitating counterion dissociation within percolated ionic aggregates.58

4.4. Conclusions
We have synthesized a series of new Li+-containing nearly precise ionomers with different
ion contents using step-growth polymerization of commercially-available diol and dianhydride
monomers followed by lithium salts neutralization. This synthetic route provides easy access to a
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scalable reaction. As evidenced by X-ray scattering, these nearly precise ionomers exhibit welldefined amorphous nanostructures that have been previously observed in the truly precise ionomers
made by ADMET. Particularly, the PE6BA ionomers at high levels of neutralizations exhibit higher
orders of reflection, suggesting exceptional order in the ionic aggregate morphologies. Such
structural order is absent in conventional ionomers with random ionic group functionalization.
The ionic conductivities of the nearly precise ionomers increase with neutralization content.
The polymer with low ion content exhibit Vogel-Fulcher-Tammann (VFT) behavior at T > Tg in
ion conduction, suggesting that the ion transport is facilitated by polymer chain segmental motion.
In contrast, highly neutralized ionomers exhibit Arrhenius-like conductivity even at T > Tg. This
finding suggests that ion transport in highly neutralized nearly precise ionomers with wellconnected ionic aggregates are decoupled from the polymer segmental motion.
The current study explores the nearly precise ionomers with two different methylene
sequence lengths, namely 6 and 12, under different neutralization levels. Future investigations of
similar ionomers with other spatial periodicities or cations are readily possible. Changing the
methylene spacer length might lead to new ordered ionic aggregate morphologies, such as layered,
cubical, or hexagonal symmetry as observed in other types of ionomers. The effect of ionic
aggregate shapes on ion transport in ionomers hasn’t been fully understood so far from experiments
due to the lack of accessible chemistry that allows well-defined polymer molecular structures and
ordered ionic aggregate morphologies. This study opens the possibilities to systematically explore
fundamental questions of the relationship between ionic aggregate morphologies and ion
conduction.
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CHAPTER 5.
PERIODIC POLYETHYLENE SULFONATES FROM POLYESTERIFICATION:
BULK AND NANOPARTICLE MORPHOLOGIES AND IONIC CONDUCTIVITIES
5.1. Introduction
By endowing polyethylene (PE) with functional groups, its chemically stable and
mechanically robust nature can be amended by other desirable properties. This is perhaps most
pronounced for ionic or acid groups.1 Thus, random copolymers of ethylene and acrylic acid2,3 from
high pressure free radical polymerization are used commercially as tough protective layers or for
packaging and have potential as shape memory materials or ion exchange membranes.4–6 Due to
their random and branched microstructure, however, the characteristic crystalline morphology of
linear polyethylene is largely lost. Recent advances in polyolefin chemistry allow the production
of multiblock copolymers with alternating crystallizable and non-crystallizable olefin blocks and
give rise to interesting self-assembled structures as well as mechanical properties.7,8 Similarly,
enabling alternating multiblock copolymers with long olefin and short ionic blocks could lead to
intriguing microphase separated morphologies.9,10
Sulfonate groups are of particular interest, due to their strongly dissociating nature. 11
However, the accessibility of polyethylenes with sulfonate groups is very limited. Sulfonation of
polyethylene is accompanied by chain scission due to the strongly oxidizing conditions, and the
resulting microstructures are uncontrolled.11 By contrast, very defined microstructures with the
periodic placement of sulfonate groups along a PE chain can be obtained by ADMET
polymerization and subsequent hydrogenation. Regular placement of pendant acid groups at
sufficient distance (21 carbons) induces folded chain conformations at the acid group to form layers
of acid (or ionic) groups embedded between hexagonally packed PE crystallites.12–14 For the case
of hydrated sulfonic acid groups, proton conductivity is very promising.12 In aqueous dispersions,
ADMET-derived polymers exhibit a similar morphology in nanoscale single crystals.15 The core of
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the particles is crystalline PE segments, which also reflects in a distinct particle shape while the
carboxylate functional groups at the surface provide colloidal stability. However, the multi-step
synthesis of the ADMET monomers, and in particular of sulfonate-substituted ADMET monomers,
limits scalability.
We now report an alternative synthetic approach to sulfonated PE-like multiblock
copolymers via melt polycondensation of PE-telechelic diols and diesters. The telechelic building
blocks have recently become available through an entirely catalytic scalable ‘chain-doubling’ of
common fatty acids.16 These sulfonated PE-like multiblock copolymers exhibit microphase
separation and thermotropic order-to-order transitions in the ionic aggregate morphologies. By
varying the size of the counterion, the ionic aggregate morphologies are tuned to improve ion
transport. We also observed a decoupling of ion transport from the polymer segmental dynamics in
the ionic layers. This work provides basic insights into designing nanostructured multiblock
copolymers with long non-polar blocks and short strongly interacting ionic blocks for solid polymer
electrolyte development.
5.2. Experimental Section
Materials. Toluene was distilled from sodium prior to use and stored under inert gas
atmosphere. Titanium(IV) butoxide was stored in a glove box under inert gas atmosphere.
Octatetracontane-1,48-diol was synthesized according to the previously reported procedure.16
Maleic acid was supplied by Acros Organics. Methanol (99.8 %), sodium hydrogen carbonate and
sodium bisulfite were supplied by Merck. Sulfuric acid (95 - 98 %), magnesium sulfate, Dowex
W50 X8, tetrabutylammonium hydroxide (40 % in water) and titanium (IV) butoxide (> 97 %)
were supplied by Sigma Aldrich. Ethyl acetate (HPLC grade) and sodium chloride were supplied
by VWR. All reactions and manipulations of moisture and air-sensitive substances were performed
under inert gas atmosphere using standard Schlenk or glovebox techniques.
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Synthesis of sodium dimethyl sulfosuccinate (SDSS). Sodium dimethyl sulfosuccinate
was synthesized analogous to the procedure by Srilakshmi et al.17 Maleic anhydride (50 g, 0.51
mol) was dissolved in 500 mL of methanol and 50 drops (about 0.5 mL) of concentrated H2SO4
were added. The solution was heated to 80 °C and stirred for 7 h. The solvent was removed under
vacuum and the residue was dissolved in ethyl acetate. The solution was washed with NaHCO3 (aq)
and water (2x), dried over MgSO4, and the solvent was removed under vacuum. Dimethyl maleate
was obtained as a clear liquid in a 77 % yield and was used without further purification.
Dimethyl maleate (56.8 g, 0.39 mol) was dissolved in 500 mL of a 1:9 (v/v) methanol/water
mixture and sodium metabisulfite (41.1 g, 0.43 mol) and water (10 mL) were added. The mixture
was heated to 90 °C and stirred for 18 h. The solvent was removed under vacuum and the resulting
solid was extracted with methanol under ultrasonication. The solvent was removed from the extract
and the resulting white solid was recrystallized from a 1:1 (v/v) mixture of methanol/ethyl acetate
to yield sodium dimethyl sulfosuccinate as a white, crystalline solid in 78 % yield.
H NMR (400 MHz, d6-DMSO) δ 3.69 (dd, 3JH,H = 11.0 Hz, 3JH,H = 4.1 Hz, 1H, -CHSO3),

1

3.58 and 3.57 (s, 3H each, -OCH3), 2.92 (dd, 3JH,H = 17.3 Hz, 3JH,H = 11.0 Hz, 1H, -CH2CHSO3),
2.81 (dd, 3JH,H = 17.3 Hz, 3JH,H = 4.1 Hz, 1H, -CH2CHSO3).

Figure 5.1. Chemical structure of synthesized molecules with numbering for NMR assignment.

Synthesis of tetra-n-butylammonium dimethylsulfosuccinate (NBu4DSS). Sodium
dimethylsulfosuccinate (3.5 g, 14.1 mmol) was dissolved in 50 mL of a 3:1 (v/v) methanol/water
mixture. A column with a diameter of 5 cm was packed with ~ 100 mL of Dowex 50W X8 ion
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exchange resin and the resin was suspended in the methanol/water mobile phase. The sodium
dimethylsulfosuccinate solution was slowly passed through the exchange column, with a flow rate
of 1 drop/s. The resulting sulfonic acid was neutralized with a 40 wt% tetra-n-butylammonium
hydroxide solution in water. The neutralization of the solution to pH 7 was monitored using pH
paper. The solvent was removed via rotary evaporation and the product dried under reduced
pressure (~ 0.01 mbar) until the product crystallized as a colorless solid.
H NMR (400 MHz, CDCl3) δ 4.07 (dd, 3JH,H = 11.4 Hz, 3JH,H = 3.6 Hz, 1H, H-4), 3.71 (s,

1

3H, H-1 or H-6), 3.60 (s, 3H, H-1 or H-6), 3.03 – 3.31 (m, 10H, H-3 and H-7), 1.60 (m, 4H, H-8),
1.41 (sextet, 3JH,H = 7.3 Hz, 8H, H-9), 0.97 (t, 3JH,H = 7.3 Hz, 12H, H-10).
13

C NMR (101 MHz, CDCl3) δ 172.44 and 169.81 (C-2, C-5), 61.74 (C-4), 58.75 (C-7),

52.28 and 51.73 (C-1, C-6), 34.24 (C-3), 24.04 (C-8), 19.75 (C-9), 13.73 (C-10).
H NMR (400 MHz, DMSO-d6) δ 3.65 (dd, 3JH,H = 11.0 Hz, 3JH,H = 4.0 Hz, 1H, H-4), 3.57

1

and 3.56 (s, 3H each, H-1, H-6), 3.17 (m, 8H, H-7), 2.90 (dd, 1H, 2JH,H = 17.4 Hz, 3JH,H = 11.0 Hz,
H-3), 2.80 (dd, 1H, 2JH,H = 17.4 Hz, 3JH,H = 4.0 Hz, H-3), 1.57 (m, 4H, H-8), 1.31 (sextet, 3JH,H =
7.3 Hz, 8H, H-9), 0.93 (t, 3JH,H = 7.3 Hz, 12H, H-10).
13

C NMR (100 MHz, DMSO-d6) δ 172.10 and 169.50 (C-2, C-5), 61.62 (C-4), 58.03 (t,

1

JN,H = 2.6 Hz, C-7), 52.05 and 51.99 (C-1, C-6), 34.23 (C-3), 23.57 (C-8), 19.68 (C-9), 13.93 (C-

10).
General procedure for the melt polycondensation of PES48NBu4. Polymerizations
were performed in a 100 mL two-necked Schlenk tube equipped with an overhead stirrer. Efficient
mixing of the viscous polymer melt was achieved by a helical agitator. The monomers
(tetrabutylammonium sulfosuccinate and octatetracontane-1,48-diol) were weighed into the
reaction vessel, degassed and set under nitrogen atmosphere. The reaction vessel was heated to
130 °C until all solids were completely melted, and 500 ppm of Ti(OnBu)4 catalyst was injected as
a 0.01 M solution in toluene. A constant nitrogen stream was applied, and the temperature was
raised to 160 °C by 10 °C each hour. At 160 °C reduced pressure was applied (~ 0.01 mbar) and
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the melt heated to 180 °C over two hours. The melt was stirred for 11 h at 180 °C and cooled to
room temperature under nitrogen to obtain the desired polymer as a transparent solid.

Synthesis of PES48Cs75/NBu425. PES48NBu4 was dispersed in an aqueous solution of
cesium chloride (~ 11 M). To facilitate the process, the dispersion was heated to 80 °C for 30 min
under vigorous stirring, placed in an ultrasonication bath for 10 min at room temperature and stirred
again overnight at room temperature. The solid was filtered off, washed with the cesium chloride
solution and deionized water until the filtrate was free of chloride ions (tested with silver nitrate).
The wet filtrate was washed with acetone to facilitate drying and was dried under reduced pressure.
For PES48Cs the procedure was performed only once and therefore PES48Cs contains a residual
content of NBu4+ counterions of 25 %. The PES48Cs75/NBu425 polymer was obtained as a white
powder in quantitative yields.
Synthesis of PES48Na. PES48NBu4 was dispersed in a saturated aqueous solution of
sodium chloride. To facilitate the process, the dispersion was stirred vigorously and placed in an
ultrasonication bath for 10 min. The solid was filtered off, washed with the sodium chloride solution
and deionized water until the filtrate was free of chloride ions (tested with silver nitrate). The wet
filtrate was washed with acetone to facilitate drying and was dried under reduced pressure. This
procedure was repeated four times until only minor impurities of 3 % of NBu4 cations were present
and the PES48Na polymer was obtained as a white solid in quantitative yields.
Synthesis of non-ionic polyester (PE48). 900 mg 1,48-octatetracontanediol and 280 mg
dimethyl succinate were weighed into a 25 mL Schleck tube equipped with a magnetic stirring bar
and set under a nitrogen atmosphere. The Schlenk tube was heated to 140 °C until all solids were
molten and 0.6 mL of a toluene solution of Ti(OnBu)4 (0.01 M) were added as a catalyst. The melt
was stirred for 15 min at 140 °C in the closed vessel, then a constant nitrogen stream was applied
and the melt stirred for another 45 min. The temperature was raised to 160 °C over two hours under
a constant nitrogen stream. After 1 hour at 160 °C vacuum was applied (~ 0.01 mbar) and the melt
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stirred for another hour at 160°C, heated to 170 °C and stirred for an hour. Additional 0.6 mL of a
toluene solution of Ti(OnBu)4 (0.01 M) were added, the melt heated to 190 °C over the course of
two hours, and stirred for 18 hours at 190 °C under vacuum (~ 0.01 mbar). The melt was set under
nitrogen and cooled to room temperature to yield polyester-48,4 (PE48) with a degree of
polymerization of DPn 29 as determined by 1H NMR, and a molecular weight of Mn 1.1 × 104 g
mol-1 as determined by GPC (Figure C.8 and C.10).
Preparation of PES48Na nanoparticle dispersions. A Bandelin HD3200 ultrasonotrode
with a KE76 tip operated at 120 W was used for ultrasonication. 3 mg of PES48Na were dissolved
in 1 mL of hot DMSO. 3 mL of deionized water were added and the mixture was ultrasonicated for
2 min. The resulting dispersion was filtered through a 0.45µm syringe filter and dialyzed against
water for 3 days.
Characterization of Polymers. NMR spectra were recorded on Bruker Avance III 400
and 600 instruments. 1H and

13

C chemical shifts were referenced to the solvent signal. High-

temperature NMR measurements of polymers were performed in dimethyl sulfoxide-d6 at 115 °C.
Gel permeation chromatography (GPC) of PES48NBu4 was performed by PSS in Mainz on an
Agilent 1200 instrument with dimethylsulfoxide (DMSO) with 0.1 M LiCl and 5 g L -1 acetic acid
as eluent at 80 °C against PMMA standards. GPC of PE48 was performed on an Agilent 7890B
instrument with 1,2-dichlorobenze at 160 °C with a liner calibration against linear polyethylene
standards. DSC analyses were performed on a Netzsch Phoenix 204 F1 instrument with a heating
and cooling rate, respectively, of 10 °C min-1. All data reported are from second heating cycles.
Morphological Characterization. All X-ray scattering measurements were performed at
the Dual Source and Environmental X-ray scattering (DEXS) facility operated by the Laboratory
for Research on the Structure of Matter at the University of Pennsylvania. A Xeuss 2.0 (Xenocs)
was used with a GeniX3D copper source (8 keV, 1.54 Å), a PILATUS3 1M detector for the smallangle scattering, and a compatible Pilatus 100K detector for the wide-angle scattering. A variety of sample-

to-detector distances were chosen for SAXS (35 cm, 1200 cm, and 6400 cm) and WAXS (16 cm).
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For X-ray scattering at room temperature, PES48NBu4, PES48Cs75/NBu425, and
PES48Na were melt-pressed at 150 °C to a thickness of 0.12 mm and cooled to 25 °C. Scattering
data was also collected on films after ionic conductivity measurements to ensure the structure was
unaltered.
To obtain X-ray scattering profiles at various temperatures, samples were filled into 1.0
mm diameter glass capillaries (Charles Super Company) after drying under vacuum. The polymers
were first heated above Tm to remove any thermal history and then cooled to 30 °C followed by
heating back to the melt using a Linkam HFSX350-GI hot stage. Data were collected every 20 °C
for 10 min, after 3 min equilibration time. All 2D data was azimuthally integrated to 1D using
Foxtrot software. The peaks were fitted with the Lorentzian model to extract peak position and the
FWHM.
Characterization of Polymer Dispersions. Dynamic light scattering (DLS) was
performed on filtrated samples on a Malvern Nano-ZS ZEN 3600 particle sizer (173°
backscattering). Analysis of the autocorrelation function was performed with the Malvern Zetasizer
software 7.13 to obtain number-weighted particle size distributions. TEM images were recorded on
a Zeiss Libra 120 transmission electron microscope operated at 120 kV. The filtrated dispersions
were diluted five-fold and 3% phosphotungstic acid (PTA) solution (1% in water) was added as a
staining agent. The dispersions were left standing for 30 min to ensure adsorption of PTA onto the
nanoparticles. The samples were drop-cast on carbon-coated TEM grids freshly treated by glow
discharge to hydrophilize the surface and dried for at least 3 hours.
Ionic Conductivity Measurements. The hot-pressed films prepared for X-ray scattering
were sandwiched between two stainless steel parallel plates with a 10 mm upper electrode diameter;
the films fully covering the top electrode. The ionic conductivities of all three materials were then
measured via electrochemical impedance spectroscopy (EIS) with a Solartron Analytical Modulab
XM MTS spectrometer in a Janis VPF-100 cryostat with a frequency range of 10−1 to 106 Hz at
an amplitude of 100 mV. The samples were first equilibrated at ~180 °C under vacuum in the
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cryostat until the impedance was constant. Then the measurement was performed isothermally
every 5 °C after 5 min equilibration time until good contact was lost due to the crystallization of
the sample between the electrodes. Each temperature sequence or isothermal frequency sweep was
repeated three times. The bulk polymer resistance (R) at each temperature was extracted from the
Nyquist plot using ModuLab XM MTS software (Figure S16), and the DC ionic conductivity (𝜎)
was calculated from 𝜎 =

𝑙
𝐴×𝑅

, in which l is the polymer film thickness and A is the top electrode

area.

5.3. Results and Discussion
Synthesis. Long chain aliphatic polyesters with polyethylene-like solid-state structures and
properties18–20 can be obtained by melt polycondensation protocols similar to those for shorter chain
monomers.21 The use of ionic monomers in melt polycondensation, however, is often limited to
polar polymers by the miscibility of the monomers in general,22,23 and in particular for the apolar
PE telechelics used as monomers here. This was overcome by employing the dimethyl
sulfosuccinate monomer as a tetrabutylammonium salt, the large cation facilitating
polycondensation. Ion exchange of the formed polymer (PES48NBu4) for alkali ions afforded
PES48Cs75/NBu425 and PES48Na (Figure 5.2).

Figure 5.2. Reaction scheme for PES48NBu4, PES48Na, and PES48Cs75/NBu425.
96

Starting from sodium dimethyl sulfosuccinate, which was synthesized analogous to the
procedure by Srilakshmi et al.17, the sodium cation was exchanged to tetrabutylammonium via the
sulfosuccinic acid using the strongly acidic ion exchange resin Dowex 50W X8 and subsequent
neutralization with tetrabutylammonium hydroxide. Note that other sodium dialkyl sulfosuccinates
are available commercially. In this case, the methyl ester was favored due to the easier removal of
the generated alcohol during polycondensation. The melting point of the sulfosuccinate was thus
lowered from over 200 °C to 62 °C. The crystallization of NBu4DSS was found to be slow and thus
no crystallization and no melting in the second heating cycle was observed in DSC (Figure C.1).
Polycondensation with octatetracontane-1,48-diol (generated from erucic acid16) under classical
melt conditions afforded PES48NBu4. In 1H NMR spectra, signals were observed at 3.57 ppm, 3.58
ppm and 3.41 ppm corresponding to the end groups of the polymer, that is the two methyl esters
from the different incorporations of the ester monomer and the methylene group adjacent to the
alcohol, respectively. From these end-groups a degree of polymerization of DPn 29 was calculated
corresponding to a molecular weight (Mn) of about 1.7 × 104 g mol-1 (Figure C.2 and Multiple
thermal transitions have been reported recently in monodisperse polyethylene-based telechelic
molecules and precise polyacetals, which arise from an alkyl backbone crystal structure transition
and the melting of the crystals.24,25 These sulfonate-containing multiblock copolymers with long
alkyl blocks exhibit similar thermal transitions, specifically, the 48 carbon alkyl backbone exhibits
a crystal-to-crystal structural transition prior to the melt. Thus, the thermal transitions are labeled
as Texo and Tendo, rather than simply Tc and Tm. The structural underpinnings for these thermal
transitions will be detailed using X-ray scattering.
Table 5.1). GPC analysis in DMSO vs. PMMA standards afforded an apparent molecular
weight (Mn) of 4.5 × 104 g mol-1 and a nominal polydispersity index (Mw/Mn) of 1.13 (Figure C.9).
The sodium and cesium analogues of PES48NBu4, PES48Na, and PES48Cs, respectively,
were obtained by dispersing the polymer in a sodium or cesium chloride solution, respectively.
After filtration, washing, and drying of the polymer, 1H NMR revealed a conversion from the
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tetrabutylammonium to the cesium or sodium salt of about 75 % (Figure C.5). For PES48Na the
procedure was repeated four times, resulting in virtually complete cation exchange and only trace
remaining NBu4+ counterions (Figure C.6). The degree of polymerization remained
uncompromised upon the exchange of ions as observed by 1H NMR which indicates that the
polymer is stable against hydrolysis under the neutral conditions employed. Full assignment of the
polymers in 1H and 13C NMR is in the Appendix C.

Figure 5.3. DSC traces of PES48NBu4, PES48Cs75/NBu425, and PES48Na in the second cycle
(endothermic up).

Thermal Properties and Isotropic Polymer Morphologies. For all materials, two
thermal transitions during both heating and cooling were observed in DSC (Figure 5.3, Table 5.1).
Multiple thermal transitions have been reported recently in monodisperse polyethylene-based
telechelic molecules and precise polyacetals, which arise from an alkyl backbone crystal structure
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transition and the melting of the crystals.24,25 These sulfonate-containing multiblock copolymers
with long alkyl blocks exhibit similar thermal transitions, specifically, the 48 carbon alkyl backbone
exhibits a crystal-to-crystal structural transition prior to the melt. Thus, the thermal transitions are
labeled as Texo and Tendo, rather than simply Tc and Tm. The structural underpinnings for these
thermal transitions will be detailed using X-ray scattering.
Table 5.1. Molecular weight and thermal transition information of PES48NBu4,
PES48Cs75/NBu425, and PES48Na.

Polymers

PES48NBu4

PES48Cs75/
NBu425

PES48Na
a

Cation
f a
radius (Å) polar

4.9421

1.81

1.16

0.43

0.26

0.16

DPn

29

24

30

Mn
Texo [°C]
(kg/mol)

Tendo [°C]

Type of alkyl chain
phase transition

--

80

Monoclinic ↔
Hexagonal

95

103

Hexagonal ↔
Amorphous

91

96

Orthorhombic ↔
Hexagonal

123

148

Hexagonal ↔
Amorphous

90

95

120

140

16.7

12.0

13.3

Orthorhombic ↔
Hexagonal
Hexagonal ↔
Amorphous

Volume fraction of the sulfosuccinate blocks calculated based on the Van der Waals volume via

Chemicalize software.

The hierarchical morphologies of the isotropic bulk polymers were investigated through
X-ray scattering across a wide range of q (0.002 – 2 Å-1). Driven by the crystallization of the long
alkyl blocks, all three polymers are semicrystalline. The semi-crystallinity is evident by a broad
peak at 0.022 Å-1 in PES48Cs75/NBu425 and 0.053 Å-1 in PES48Na from the Lorentz-corrected
SAXS plot (Figure C.11). These features correspond to the inter-crystallite scattering of the
crystalline-amorphous stacks in semicrystalline polymers (λlong period): 285 Å in PES48Cs75/NBu425
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and 121 Å in PES48Na.27–29 The fact that no clear peak in this q-range is found in PES48NBu4 may
suggest the inter-crystallite distances might be larger than the instrument limitation or the contrast
is insufficient.
The peaks from wide-angle X-ray scattering (q = 1.4 - 1.7 Å-1) further confirm the
crystallinity of these polymers (Figure 5.4). At room temperature PES48NBu4 exhibits two crystal
peaks at q = 1.38 Å-1 and 1.50 Å-1, consistent with the PE monoclinic phase (space group C2/m,
chain axis along the b axis) with q(001) = 1.37 Å-1, q(200) =1.58 Å-1.30 The two crystal peaks (q = 1.51
Å-1, and 1.66 Å-1) for PES48Cs75/NBu425 and the two peaks (q = 1.51 Å-1, and 1.67 Å-1) for
PES48Na are consistent with the PE orthorhombic structure (space group Pnam, and chain axis
along the c axis) scattering pattern having q(110) = 1.52 Å-1, and q(200) = 1.70 Å-1.31 At room
temperature the alkyl blocks in the PES48Cs75/NBu425 and PES48Na crystallize into an
orthorhombic crystal structure. The corresponding lattice parameters are provided in Table 5.2. The
monoclinic packing order of the PE backbones in the PES48NBu4 probably arises from lattice
expansion to accommodate the large NBu4+ cation.
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Figure 5.4. Room temperature X-ray scattering profiles of hot-pressed PES48NBu4,
PES48Cs75/NBu425, and PES48Na films. The numbers at q = 0.06 - 0.7 Å-1 refer to the q ratios
of the peak positions relative to the primary peak q*. The labels ortho and mono at q > 1.3 Å-1
represent the orthorhombic and monoclinic PE backbone crystal structure. Data were shifted
vertically for clarity.
The series of peaks in the intermediate q-range of 0.06 Å-1 - 0.7 Å-1 with the order of q/q*
= 1, 2, 3, 4, etc., indicate that the ionic groups in these polymers microphase separate into stacks of
layers due to the crystallization of the alkyl blocks with precisely 48 CH2 units, similar to previous
observations on precise acid- and ion-containing polyethylenes.12–14,32 The primary layer peak in
PES48NBu4 with q* = 0.13 Å-1 indicates an interlayer spacing (dlayer) of 50 Å at room temperature.
The scattering from PES48Cs75/NBu425 and PES48Na show q*= 0.098 Å-1 and 0.104 Å-1 with
dlayer = 65 Å and 60 Å, respectively. Interestingly, the average layer-to-layer distance in PES48NBu4
is 23% and 17% smaller than in PES48Cs75/NBu425 and PES48Na, respectively, although NBu4+
is four- to six-fold larger than Cs+ and Na+ in diameter. We attribute this to the fact that the alkyl
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blocks in PES48NBu4 adopt a larger chain tilt angle relative to the layer normal to accommodate
the bulky NBu4+ cations.24,33
The extent of the layered structure normal to the layers (𝜉) is estimated according to the
Scherrer equation: =

2𝜋
∆𝑞

, where ∆𝑞 is the FWHM of the 1st order layer peak (Table 5.2). Thus, at

room temperature, an average of 4 ionic layers are stacked in each crystallite in PES48NBu 4 and
14 - 16 layers in the crystallites of PES48Cs75/NBu425 and PES48Na due to the stronger
electrostatic force between the SO3- and the Cs+ or Na+ counterions compared to NBu4+. As the
crystal phases transform from orthorhombic to hexagonal in PES48Cs75/NBu425 and PES48Na
upon heating, the correlation lengths of ionic layers decrease, suggesting a decrease in the crystal
order.
These multiple stacks of ionic layers present in the crystallites lead to a question of chain
conformations: (1) since the room-temperature correlation lengths of ionic layers in
PES48Cs75/NBu425 (𝜉 = 1077 Å) and PES48Na (𝜉 = 840 Å) are much larger than the long
period in PES48Cs75/NBu425 (λlong period = 285 Å) and PES48Na (λlong period = 121 Å), the ionic layers
cannot be in-plane with the crystal plane but are instead transverse to the crystallite plane;34 (2) For
these precise polyethylene sulfonates, the chains could not be extended through the ionic layers
across the crystallites like those in Nylon35 to accommodate the large pendant sulfonate groups,
especially the one with the bulky NBu4+ cations, into the densely packed alkyl blocks. Previous
experiments and simulation studies prove the presence of a hairpin chain-folding conformation in
the precise acid group functionalized PEs.12–14 Therefore, it is more reasonable that, in the case of
the three polymers studied here, the alkyl chains are folded back and forth close to the position of
the sulfosuccinate blocks with the sulfonate groups placed on the folding surfaces forming ionic
layers.
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103

a

Hexagonal
Amorphous

110
130

Orthorhombic

30

30

Amorphous

Orthorhombic

130

150

Amorphous

90

Hexagonal

Hexagonal

30

130

Monoclinic

Temperatu
re [°C]

--

4.80

7.52

--

4.92

7.56

--

4.97

8.32

a

--

--

5.01

--

--

4.98

--

--

--

b

--

--

--

--

--

--

--

--

4,52

c

Lattice parameters
[Å]

Size along the layer normal direction, calculated from FWHM of q*.

PES48Na

PES48Cs75/NBu4
25

PES48NBu4

Polymers

Hydrocarbon
Backbone
structure

--

60

60

--

65

65

--

49

50

Layered

42

--

--

45

--

--

--

--

--

Hexagonal

--

--

--

--

--

--

38

--

--

Disordered

Ionic Aggregate Distances [Å]

Table 5.2. Structural information on bulk PES48NBu4, PES48Cs75/NBu425, and PES48Na.

--

600

897

--

839

1077

--

246

235
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length of
ionic layeres
(𝜉) [Å]a

Figure 5.5. Morphologies of bulk (a) PES48NBu4, (b) PES48Cs75/NBu425, and (c) PES48Na at
selected temperatures. Black triangles and diamonds represent peaks from layered or hexagonal
ionic aggregate morphologies. Ortho, hex, and mono represent orthorhombic, hexagonal and
monoclinic alkyl backbone crystal structures.
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To elucidate the polymer morphology evolution as a function of temperature, X-ray
scattering was collected at a series of temperatures between room temperature and 170 °C. Figure
5.5 shows the X-ray scattering data of PES48NBu4, PES48Cs75/NBu425, and PES48Na at three
selected temperatures from the second heating. All morphological transitions are completely
reversible in these materials, as evidenced by the full X-ray scattering data during the cooling and
second heating at each measured temperature (Figure C.12).
The alkyl backbones in PES48NBu4 exhibit a monoclinic crystal structure at 30 °C as
discussed above. When the temperature increases to 90 °C, the [001] and [200] monoclinic crystal
peaks merge into a single peak at q = 1.40 Å, indicating that the alkyl chains are packed on a
hexagonal lattice. An orthorhombic to hexagonal crystal structure transition prior to melting has
been observed in polyethylene, which is due to the introduction of chain ends in the crystallites that
facilitate chain rotation.36,37 The crystal phase transition only slightly affects the interlayer distances
(Figure C.13). Further increasing the temperature to 130 °C, the alkyl backbones become fully
amorphous as evidenced by the broad amorphous peak at q = 1.35 Å. Accompanied by the melting
of the polymer backbones, the layered ionic aggregates transit into a liquid-like packing (daggregate
= 37.85 Å) in the amorphous polymer matrix indicated by the single peak at q = 0.17 Å. Thus, we
attribute the thermal transition at ~80 °C in DSC of PES48NBu4 to a crystal structure transition
between the monoclinic and hexagonal phases, and the exo/endothermal peak at ~100 °C arises
from the hexagonal/amorphous melting transition of the alkyl backbone.
Similarly, in PES48Cs75/NBu425 and PES48Na the alkyl chains exhibit a crystal phase
transition from orthorhombic to hexagonal prior to the melt. In addition, an order-to-order transition
of the ionic aggregate morphologies exists in PES48Cs75/NBu425 and PES48Na. Unlike
PES48NBu4 which exhibits a disordered ionic aggregate morphology in the melt, the ionic groups
in PES48Cs75/NBu425 and PES48Na have hexagonal symmetry at temperatures above Tm of the
alkyl blocks. Hexagonal symmetry has X-ray peaks with q / q* = 1, √3, √4, see Figures 5.5b and
5.5c. The average distances between the ionic aggregates (ahex) are 45 Å (q* = 0.16 Å-1) and 41 Å
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(q* = 0.18 Å-1) for PES48Cs75/NBu425 and PES48Na, respectively. At 110 °C, PES48Na exhibits
coexistence of the layered and hexagonal symmetry, as indicated by the triangles, and diamond
Figure 5.5c.

Figure 5.6. Phase diagrams of bulk PES48NBu4, PES48Cs75/NBu425, and PES48Na during
heating. Red circle, blue hexagon, green diamond, and black square represent amorphous,
hexagonal, monoclinic, and orthorhombic crystal structure of the PE backbones, respectively.
Letter L, H, and D represent layered, hexagonally packed cylindrical and disordered ionic aggregate
morphologies.

Figure 5.6 summarizes the hierarchical polymer morphology information from X-ray
scattering as a function of temperature by including both the alkyl chain packing order (symbols)
and the ionic aggregate morphology (letters). The long alkyl blocks in the three polymers exhibit
monoclinic/orthorhombic to hexagonal to amorphous structural transitions with increasing
temperature. At temperatures below Tm, the sulfosuccinate blocks in the three polymers form stacks
of ionic layers within the crystalline lamellae. When the alkyl chains melt, the sulfosuccinate blocks
in PES48NBu4 aggregate in a liquid-like structure, in contrast to the hexagonal packing in
PES48Cs75/NBu425 and PES48Na. If we qualitatively assume that decreasing the counterion sizes
is analogous to a simple decrease in fpolar (Table 5.1), this phase diagram is reminiscent of the
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conventional 𝜒N vs f phase diagram of diblock copolymers. Furthermore, varying the counterion
size gives rise to a change in the strength of electrostatic interaction. The strong between the Na +
or Cs+ also plays a role in preventing the ionic aggregates transition from layers directly into a
disordered state. The precise spacing between the polar groups further promotes them to assemble
into a hexagonal symmetry. Thus, the size of the counterions in these multiblock copolymers leads
to a large alternation in the ionic aggregate morphologies.
Assembly of PES48Na to Nanoparticles. The role of the hydrocarbon segments’ ability
for crystallization in determining the structures of these ionic-substituted polymers was further
probed for the case of nanoparticles. By dispersing PES48Na in a mixture of DMSO and water
under ultrasonication and subsequent dialysis in water, the polymer forms self-stabilized
nanoparticles. Estimation of the particle size by single angle DLS yields a number-weighted size
of 4 nm (Figure C.14). Analysis of the dispersed particles by X-ray scattering was hampered by
their limited concentrations, unfortunately. However, TEM revealed anisotropic platelet-like
particles with a defined thickness of 6 nm (Figure 5.7). This agrees well with the interlayer distance
measured by X-ray scattering for bulk PES48Na (6 nm) and supports the notion of folded chain
single lamella nanoparticles with a PE-like crystalline core and an outer layer of sulfonate groups.
The lateral size which is mostly determined by the preparation procedure ranges from 10 - 20 nm
with a small portion of larger particles (Figure C.15). The defined anisotropic shape and
functionality of the nanoparticles make them interesting candidates for particle assembly or as
nucleating agents.
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Figure 5.7. TEM image of PES48Na nanocrystals.

Ionic conductivity of PES48 polymers. Figure 5.8 displays the temperature-dependent
DC ionic conductivity (σ) in three periodic polyethylene sulfonates. The nonionic PE48 polymer
was also studied as a reference. Typically, the ion transport in the amorphous polymers above the
glass transition temperature are coupled with the polymer segmental relaxation, which can be
−𝐷

described using the Vogel-Fulcher-Tammann (VFT) relationship: 𝜎 = 𝜎∞ exp(𝑇−𝑇 ), where D is
0

inversely related to the fragility, and T0 is the Vogel temperature.38,39 Here, we apply the fit to the
ionic conductivity at temperatures higher than the Tc with the VFT equation, with fitting parameters
compiled in Table 5.3. The small D values (~ 1) or high fragility in these PES48 polymers suggest
a weak coupling of the ionic conductivity with segmental dynamics in polymers.40,41 A
discontinuity in conductivity occurs at temperatures close to the onset of crystallization of the
−𝐸

polymers. The ionic conductivities below Tc agree well with Arrhenius behavior, 𝜎 = 𝜎0 exp( 𝑅𝑇𝑎),
where 𝜎0 is the ionic conductivity at infinite high temperature and Ea is the activation energy for
ion transport. This suggests that the ion transport at T < Tc in the three semicrystalline polymers
with ionic layers are decoupled from the polymer segmental motion. These ionic layers could be
subsequently modified to facilitate ion transport in these semi-crystalline polymers, as recently
demonstrated for a hydrated precise polyethylene with sulfonic acid groups.12

108

Figure 5.8. DC ionic conductivities of PES48NBu4, PES48Cs75/NBu425, PES48Na, and nonionic
PE48 measured upon cooling. Solid lines are the fits from VFT (T > Tc) or Arrhenius equation (T
< Tc). The diamond markers represent the ionic conductivity of PES48NBu4 measured at 50%,
70%, and 90% relative humidity. The letters D, H, L denotes disordered, hexagonal, and layered
ionic aggregate morphologies.

Table 5.3. VFT/Arrhenius fitting parameters of the temperature-dependent DC ionic conductivity
data of PES48Na, PES48Cs75/NBu425, and PES48NBu4.

Polymers

VFT (T > Tc)

Arrhenius (T < Tc)

log 𝜎∞ (S/cm)

D

T0 (K)

log σ0 (S/cm)

Ea (kJ/mol)

PES48Na

-3.63

1.31

282.4

36.5

143.6

PES48Cs75/NBu425

-2.61

1.77

247.0

21.9

92.5

PES48NBu4

-2.21

0.79

283.7

26.5

100.0

Among all three materials, the PES48NBu4 exhibit the highest ionic conductivity with ~104

S/cm at 142 °C. A comparison between the ionic conductivities of three polymers reveals that the

ion transport is faster when the cation size becomes larger or the ionic interaction between the
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tethered sulfonate anion and the counterion is weaker. Figure 5.9 compares the ionic conductivities
at 97 °C (370K), at which all three polymers exhibit the layered ionic aggregate structure. We
observe that the ionic conductivity is approximately inversely proportional to 1/r2, where r is the
cation radii (Table 5.1). This indicates that the columbic force between the SO3- anions and the
counterions, which dominate the strength of the ion pair association, correlates with the ionic
conductivity. The fact that PES48Na exhibits the highest activation energy (143.6 kJ/mol) for ion
conduction in layers compared to PES48Cs75/NBu425 (92.5 kJ/mol) and PES48NBu4 (100.0
kJ/mol) further confirms that the strength of ionic interaction plays a key role in the overall ionic
conductivity. Extensive previous studies reveal that promoting ion dissociation results in an
observable increase in the conductive ion concentration and ion mobility, and thus the ionic
conductivity.42,43 As a consequence, the next critical step to enhance the ion transport in these
polymers is to increase the counterion dissociation and therefore the total number of mobile charges.

Figure 5.9. Ionic conductivity at 97 °C as a function of 1/r2 where r is the ionic radii of NBu4+, Cs+,
and Na+.

A broadly used approach to facilitate cation dissociation is to blend the polymer with small
molecules or ionic liquids.44–47 As a first attempt to demonstrate that the presence of a high
dielectric constant small molecule can promote ion dissociation and thus ion transport, water was
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introduced in PES48NBu4. Figure 5.8 shows the ionic conductivity of PES48NBu4 polymer under
50%, 70%, and 90% relative humidity environment, respectively. The incorporation of water
molecules increases the ionic conductivity more than three orders of magnitude at 80°C without
losing the layered structure (Figure S17). Water molecules could coordinate with NBu4+ that further
dissociate from the tethered SO3- groups and thus present higher mobility. Furthermore, the
introduction of water molecules does not disturb the ionic aggregates’ packing order at T < Tc,
which helps maintain the mechanical integrity of the material. In lieu of water, other organic small
molecules with high dielectric constants or ionic liquids might similarly improve ion transport
without compromising the mechanical properties of these alternating multiblock polyethylenes.48
The effect of introducing other small molecules on the ionic conductivity and morphology is
currently under investigation and will be reported in a future publication.

5.4. Conclusions
A straightforward melt polyesterification produces polyethylene sulfonates with
alternating strong interacting sulfosuccinate blocks and long crystallizable PE-like blocks.
Different counterions, namely NBu4+, Na+, and Cs+, were introduced through ion exchange. The
unique structure of these multiblock polymers includes a 48-carbons, hydrophobic alkyl block
separated by a short ionic block. Below the melting temperature, these polymers microphase
separate into crystalline polyethylene and ion-rich layers. Upon the melting of PE blocks, the ionic
groups rearrange into disordered aggregates in the case of PES48NBu4 and hexagonally packed
cylindrical aggregates in PES48Cs75/NBu425 and PES48Na. The microphase separation of the
polymer is also reflected in the formation of anisotropic, self-stabilized nanoparticles in water.
Ionic conductivity in its temperature-dependence correlates with the ionic aggregate
morphologies. The decoupling of ion transport from polymer segmental motion in the layered
morphology is promising for achieving high conductivities. Alignment of the layers, e.g. by the
assembly of the platelet-like nanoparticles, is of particular interest here. The increase of the
111

conductivity with counterion size and the introduction of water further suggests that facilitating
cation dissociation is a key factor to enhance the ionic conductivity. Incorporation of organic small
molecules is subject to ongoing studies.
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CHAPTER 6.
PERIODIC POLYETHYLENE SULFONATES SELF-ASSEMBLED INTO LAYERED,
BICONTINUOUS GYROID, AND HEXAGONAL NANOSCALE MORPHOLOGIES FOR
ION TRANSPORT
6.1. Introduction
Block copolymers, including linear diblock, triblock, multiblock, or nonlinear cyclic,
branched copolymers, microphase separate into various nanostructures as a result of the
hierarchical molecular configurations.1–3 Recently, a rich assortment of nanostructured BCPs have
been designed and tested for transport purpose because of the potential application in lithium-ion
batteries, fuel cells, and superconductors.4–9 While the layered morphology (LAM), and
hexagonally packed cylinders (HEX) only exhibit 2D or 1D connectivity, the bicontinuous gyroid
(GRY) morphology attracts special interests. The three-dimensional interconnected networks in
GYR morphology provide a structural advantage that avoids the energy barriers for ion diffusion
across grain boundaries and allows for more efficient transport.10–15 These cubical gyroid
morphologies for ion transport application were recently reported in a variety of experimental 5,11–
13,15–18

as well as computational19–23 studies on diblock copolymers15,18, and small molecule liquid

crystals5,11,12,24. Wiesner and coworkers observed that the ionic conductivity in the cubic double
gyroid structure is close to an order of magnitude higher than the hexagonal cylinder morphology
in the polyethylene oxide (PEO)-based dendrons.25 Similarly, Kato et al reported that the gyroid
phase exhibits nearly an order of magnitude higher ionic conductivity than the hexagonal columnar
and disordered phases in ammonium salts-based liquid crystals.17,26 Park et al demonstrated a twofold improved normalized ionic conductivity in the gyroid morphology compared to the disordered
phase in ionic liquid doped sulfonated polystyrene-co-polymethybutylenes diblock copolymers.27
Nonetheless, most of the aforementioned gyroid systems require the addition of lithium
salts or ionic liquids to both produce the gyroid morphology and provide mobile ions to conduct.
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The single-ion conductors are polymers with covalently bonded anions to the polymer backbone,
such as carboxylate or sulfonate ionomers, polystyrenesulfonate-b-poly(ethylene oxide) (PSS-bPEO), and polystyrenesulfonate(trifluoromethylesulfonyl)imide-b-poly(ethylene oxide) (PSTFSIb-PEO).26,27 The tethered anions in these polymers do not respond to the electric field on a
reasonable time-scale as the mobile cations do since they are coupled with the slow polymer
segmental relaxation.28–30 Consequently, single-ion conducting polymers can circumvent the
shortages of the salt system, in which anion migrates and polarize at the electrodes. However, one
of their major limitations is the low ionic conductivity, which is strongly dependent on the selfassembled microdomain morphologies.31,32 Despite the wealth of BCP and ionomer literature, most
studies reported isolated or disordered ionic aggregates, which allows for limited control over the
connectivity of the ion-conducting domains.33–35 Therefore, there are urgent needs to design new
single-ion conducting polymers which produce highly interconnected conducting domains.
Recent advances in polymer synthesis render new opportunities to control ion aggregation
through modifying the polymer architecture. Winey and coworkers reported the morphologies of a
series precise acid- and ion-containing polyethylene synthesized from acyclic diene metathesis.38–
42

The acid or ionic groups in those precise polyethylenes are evenly spaced along a linear backbone

and thus the polymers microphase separate into to well-ordered ionic aggregate morphologies
compared to the randomly functionalized ionomers. When the polyethylene spacer is long enough
to crystallize, the precise polyethylene can form unique hairpin chain-folded chain conformations
and result in acidic or ionic layers embedded in the crystallites.43–45 The acid layered morphology
exhibits efficient proton conductivity at 40 °C when hydrated (>60% relative humidity). 46 The
metal cation transport in similar ionic layers under the anhydrous condition was further studied in
a series of monodisperse and telechelic polyethylenes, and ion transport is decoupled from the
polymer segmental motion in those ionic layers.47 However, to the best of our knowledge, the
gyroid structure has never been exploited in the single-ion conductors of any type.
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Here, we report, for the first time, the bicontinuous gyroid structure in newly synthesized
multiblock polyethylenes with alternating sulfonate

groups

from a

straight-forward

polyesterification. Four different counterions (Li+, Na+, Cs+, and NBu4+) were investigated to
demonstrate the cation size effect on the morphologies and ionic conductivities. The gyroid
morphology exhibits superior ion transport properties compared to the layered and hexagonal
morphologies. Potentially, this bicontinuous gyroid structure will synergistically optimize both ion
transport rate and mechanical integrity. This work expands the design principle to produce
percolated nanostructure for ion conduction through controlling the polymer architecture and
provides intriguing experimental insights toward facilitating ion transport in solid polymer
electrolytes.
6.2. Results and Discussion
Chemical Structure and Thermal Properties. The alternating multiblock PEs studied
herein were synthesized from step-growth polymerization chemistry similar to the work reported
in Chapter 5. In a classical melt polyesterification, tetra-n-butylammonium dimethylsulfosuccinate
and 1,23-tricosanediol were polymerized to the tetrabutylammonium substituted polyester
(PES23NBu4). Subsequent ion-exchange yielded the lithium, sodium, and cesium substituted
polyesters (PES23Li, PES23Na, and PES23Cs), respectively. Detailed experimental procedures
and NMR spectra are described in Appendix D. Figure 6.1 displays the molecular structure of the
polymers, in which the sulfosuccinate blocks are periodically separated by 23 methylene units
(PES23). A nonionic version of the polymer (PE23) without the pendant sulfonate groups were also
synthesized for reference purpose.

Figure 6.1. Molecular structure of PES23M multiblock copolymers, where M are Li+, Na+, Cs+,
and NBu4+, respectively.
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Table 6.1 summarizes the basic physical and thermal properties of the PES23 polymers.
The volume fraction of the polar sulfosuccinate blocks, which were calculated through the Van der
Waals volume from Chemicalize software, increase from 0.28 to 0.53 when the cation size increases
from Li+ to NBu4+. Driven by the crystallization tendency of the long PE block, all polymers are
semicrystalline at room temperature and exhibit a melting temperature as evidenced by DSC. Due
to the slow crystal growth rates in PES23Li, a 1 °C/min cooling rate is needed to observe the
crystallization. PES23Na exhibits the formation of the crystallites after three days at room
temperature (Figure D.7). The melting temperatures (Tm) of PES23Li, PES23Na, and PES23Cs are
120 – 130 °C, while the Tm (32 °C) is significantly lower for PES23NBu4. This indicates that the
large ammonium cation significantly impedes the dense packing of the polymers in crystallites.
Interestingly, PES23Li and PES23Na show an additional thermal transition at 176 °C and 194 °C,
respectively that will be explored by in situ X-ray scattering.
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Table 6.1. Summary of the polyethylene sulfonated synthesized and materials information.

Polymer

PES23Li

DPna

22.5

Mn
(kg/mol)

𝑓𝑝𝑜𝑙𝑎𝑟

11.8

0.28

b

Type of

Cation size

Tendo

Texo

(Å)

[°C]c

[°C]

123.1d

90.1

LAY - GYR

175.9

168.1

GYR- HEX

126.6e

--

LAY - GYR

193.7

153.4

GYR- HEX

0.76

45

morphology
transitionf

PES23Na

21

11.3

0.28

1.02

PES23Cs

21.5

14.0

0.31

1.67

139.3

120.5

LAY - GYR

PES23NBu4

21.5

16.7

0.53

4.9446

31.9

29.6

LAY - DIS

PE23

26

14.8

--

--

90.8

81.0

LAY - DIS

a

The degree of polymerization were determined from 1H NMR(Figure D.1-D.5). bThe

volume fraction of the sulfosuccinate blocks. cThe thermal transition temperatures according to
DSC typically measured at 10 °C/min. dPES23Li was measured at a ramp rate of 1 °C/min. eThe
melting temperature of PES23Na is measured three days after the 1st cycle due to the slow
crystallization. fLAY, GYR, HEX, DIS represents layered, gyroid, hexagonal, and disordered ionic
aggregate morphologies, respectively.

The Bicontinuous Gyroid Morphology. Recently, we reported a similar series of
copolymers with alternating high dielectric constant sulfosuccinate blocks and low dielectric
constant PE blocks in Chapter 5. The ionic groups in those polymers self-assembled into stacks of
ionic layers embedded in the PE crystallites and the ionic layers transform into hexagonal symmetry
upon the melting of the PE blocks. Remarkably, new bicontinuous gyroid structures are formed in
PES23Li, PES23Na, and PES23Cs polymers at elevated temperatures. Figure 6.2 displays the
small-angle X-ray scattering data of PES23Li at 150 °C. The Bragg peaks at √6𝑞*, √8𝑞*, √14𝑞*,
√16𝑞*, √20𝑞*, √22𝑞*, √24𝑞*, √26𝑞* correspond to the (211), (220), (321), (400), (420), (332),
(422), and (431) reflections of a 𝐼𝑎3̅𝑑 gyroid phase with a cubic unit cell dimension of 𝑎 = 75.8 Å.
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Details regarding the peak positions are provided in Table D.1. This is the first time, to the best our
knowledge, that a 3D interconnected ionic aggregate morphology has been identified
experimentally in multiblock copolymers at anhydrous state without the presence of salts or ionic
liquids.

Figure 6.2. Small-angle X-ray scattering profile of PES23Li in the 𝐼𝑎3̅𝑑 cubical gyroid phase at
150 °C. The ratios of the Bragg peaks are as labeled.
Morphological Transitions with Temperature. To further investigate the stability of the
gyroid phase, in situ X-ray scattering was used to study the morphologies and thermal transitions
in all four polymers. Figure 6.3 displays the small- and wide-angle X-ray scattering (SAXS and
WAXS) on PES23 polymers at selected temperatures during heating. All the morphological
transformations within the measured temperature range are fully reversible as shown in Figure D.9.
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Figure 6.3. In situ X-ray scattering profiles of (a) PES23Li, (b) PES23Na), (c) PES23Cs, and (d)
PES23NBu4 at selected temperatures during the second heating. Data are shifted vertically for
clarity. Ratios of the Bragg peaks are as labeled. [100]hex denotes that the PE blocks are packed on
a hexagonal lattice leading to the [100] Bragg reflection.
At 30 °C, all four polymers exhibit a single crystalline peak at q ≈ 1.5 Å-1 indicating that
the long PE blocks crystallize on a hexagonal lattice. The hexagonal crystal phase was observed in
linear PEs at elevated temperatures47,48 and was also identified in a series of precise acid- and ioncontaining polyethylenes.41,42,49 Unit cell parameters of the hexagonal lattice are provided in Table
D.2. The pendant sulfonate groups are packed into stacks of layers as evidenced by the Bragg
reflections in the small q-range with position ratios (𝑞/𝑞 ∗ ) of 1:2:3:4, with layer-to-layer distances
(dlayer) of 35-38 Å (Table 6.2). Note that the dlayer of PES23NBu4 is the smallest among the four
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PES23 polymers. PES23NBu4 exhibits a large chain tilt angle relative to the layer normal direction
in order to compensate for more surface area to accommodate the large NBu4+ counterion into the
layers as found for PES48NBu4 (Chapter 5). Furthermore, dlayer in each polymer is larger than the
length of the repeating unit (35.2 Å), supposing all the C-C and C-O bonds are in all-trans
conformation. The hexagonal packing of the backbones and a unique hairpin chain folding
conformation have been elucidated previously in our studies on three precise ion-and acidfunctionalized polyethylenes.42,49,50 Thus, it is reasonable to infer that the polymer chains are not
extended through the crystallites and the PES23 polymers are expected to adopt a similar hairpin
chain folding conformation, where the backbones crystallize and fold near the short polar block as
a result of the placement of the sulfosuccinate groups.
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Table 6.2. Ionic aggregate morphologies of PES23 polymers.
Polymer

PES23Li

PES23Na

PES23Cs
PES23NBu4
a

Temperature [°C]

Morphology type

Morphological parameter [Å]a

30

Layered

36.7

130

Gyroid

69.9

170

Hexagonal

30.2

30

Layered

34.9

130

Gyroid

72.6

190

Hexagonal

31.1

30

Layered

38.1

170

Gyroid

75.4

30

Layered

35.5

60

Disordered

27.5

𝑑𝑙𝑎𝑦𝑒𝑟 = 𝑑ℎ ℎ;b 𝑎𝑐𝑢𝑏 = 𝑑ℎ𝑘𝑙 (ℎ2 + 𝑘 2 + 𝑙 2 )1/2 ; c𝑑∗ = 2𝜋/𝑞 ∗

Upon heating above the first thermal transition temperature, the crystalline peak at q ≈ 1.5
Å-1 disappears, and a broad amorphous halo related to the average backbone-to-backbone spacing
appears between 1.3 and 1.4 Å-1, indicating the melting of the PE crystallites. Accompanied with
this melting, the ionic aggregation in PES23Li, PES23Na, and PES23Cs transforms from the
layered structure to a bicontinuous gyroid morphology of 𝐼𝑎3̅𝑑 group. The cubic gyroid structure
of PES23Na and PES23Cs resembles the one formed in PES23Li (Figure 6.2). The strong ionic
association forces due to the small cation sizes of Li+, Na+, or Cs+ allow the ionic aggregates to
maintain long-range order in the absence of crystallization of the PE blocks at T > T m. On the
contrary, the layered ionic aggregates in PES23NBu4 directly transit into disordered aggregates
upon melting with an average inter-aggregate distance of 27.6 Å. This liquid-like order of ionic
aggregate morphology is consistent with the broadly studied ionomer melts.36,51 Further increasing
the temperature to 170 - 190 °C leads to another phase transition in PES23Li and PES23Na, which
correlates with the transformation of the gyroidal ionic aggregates to a hexagonal symmetry. The
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hexagonally packed ionic aggregates in PES23Li at 170 °C and PES23Na at 190 °C give rise to the
Bragg reflections of q*, √3𝑞 *, √4𝑞 * with 𝑑100 = 2𝜋/𝑞 ∗ = 26.2 Å, 27.0 Å, respectively. The
gyroid phase in PES23Cs persists to 210 °C with no additional phase transitions. Both the welldefined chemistry and the strongly interacting ionic forces in the PES23 polymers are essential in
forming ordered ionic aggregate morphologies.
Phase Diagram of PES23 Polymers. Figure 6.4 summarizes the morphologies of PES23
polymers by including both the PE backbone structure (symbol) and the ionic aggregate
morphology (shaded colors), as a function of temperature. The dash lines in the phase diagram
denote the phase boundaries and there are temperature ranges where a coexistence of the two phases
are observed from X-ray scattering.
The ionic aggregates in PES23Li and PES23Na undergo two order-to-order transitions
(OOT) upon heating: (1) the layered ionic aggregates transform to the gyroid phase with the
coexistence of both structures until the transition completes at ~125 °C; (2) the gyroid nanostructure
evolves into a hexagonal symmetry at higher temperatures. PES23Cs only exhibits one layered to
gyroid OOT between 125 °C and 140 °C, and the gyroid persists up to 210 °C, the highest
experimental temperature employed. Increasing the cation size to NBu4+ leads to simultaneous
melting of the PE crystals and layered to disordered ionic aggregates without a transition into any
ordered structures. The counterion sizes play a dual role in determining the phase behavior of the
PES23 polymers: (1) the counterion sizes changes the volume fraction of the polar blocks in the
polymer; (2) the difference in counterion sizes results in a change in the strength of the electrostatic
cohesion. The weaker the electrostatic cohesion force is, the more the nanostructure formation will
be suppressed due to the high entropy for mixing.20,52 Since the ionic radii of NBu4+ is 2 - 5 times
larger than that Li+, Na+, and Cs+, both the large 𝑓𝑝𝑜𝑙𝑎𝑟 (0.53) and the weakened electrostatic
interaction and in PES23NBu4 impede the formation of the bicontinuous gyroid morphology. The
gyroid structure in the minority phase of diblock copolymers is typically found at a volume fraction
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of 0.2 - 0.4.2,20 The 𝑓𝑝𝑜𝑙𝑎𝑟 (0.28 - 0.31) here in PES23Li, PES23Na, and PES23Cs is consistent with
conventional 𝜒𝑁 vs 𝑓 phase diagram in diblock copolymers.

Figure 6.4. Phase diagram of PES23 polymers. Blue hexagons, and red circles represent PE
backbone structures. L, G, H, and D letters denote layered, gyroid, hexagonal, and disordered ionic
aggregate morphologies.

Order-to-Order Transition (OOT). Linear viscoelastic properties of the polymers are
sensitive to microphase separated morphologies in diblock copolymers and have been used to detect
OOTs. Figure 6.5 shows the storage modulus (G’) as a function of temperature at first cooling and
second heating, during which all PES23 multiblock polymers are in the melt state. The loss modulus
(G”) data are provided in Figure D.10.
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Figure 6.5. Melt-state storage modulus of PES23 polymers as a function of temperature. The data
shown were obtained from the first cooling (solid) and the second heating (open) with a rate of
1 °C/min at a fixed oscillatory shear frequency of 1 rad/s. The black arrows indicate the onset of
OOT during the cooling or heating. Note the different G’ scale in (d).
When decreasing temperature from 200 °C, the storage modulus of PES23Li smoothly
increases, consistent with the slowing of the segmental mobility. Notably, there is a slope change
in G’ at ~160 °C that correlates to the hexagonal to gyroid OOT. Such G’ change is also observable
during the second heating, however at a higher temperature, which is due to the hysteresis in the
transformation from the cubic gyroid to hexagonal morphology. A more pronounced drop in G’
from 5 × 107 to 5 × 106 Pa, when the gyroid phase transforms into hexagonal morphology can be
found in PES23Na upon heating (Figure 6.5b). Unlike PES23Li, the storage modulus of PES23Na
in the gyroid structure depends only weakly on temperature, suggesting that the PES23Na gyroid

127

phase is better developed and more mechanically robust. For PES23Cs, a change in G’ at ~150°C
during cooling might result from a gradual transition from gyroid to layered aggregates. This
transition is more noticeable in the heating cycle. The coexistence of gyroid and layered structure
~ 150 °C is evidenced by SAXS data (Figure D.9). The OOT temperatures of PES23Li and PE23Na
observed from rheology are in good agreement with DSC and X-ray scattering data discussed above.
In PES23NBu4, G’ is smaller than G” within the measured temperature window depicting liquidlike behavior. Since PES23NBu4 only exhibits a single phase above the melting point, no abrupt
change is observed in the storage modulus during the temperature ramp (Figure 6.5d). The gradual
modulus decrease during the heating is consistent with higher segmental mobility, as observed in
the PES23Li.
Anhydrous Ionic Conductivities of PES23 Polymers. Figure 6.6a displays the
temperature-dependent DC ionic conductivities of PES23 polymers during cooling, with the nonionic PE23 shown as a reference. PE23Li and PES23Na exhibit similar ionic conductivities
between 80 and 160 °C. Increasing the counterion size from Li+ or Na+ to Cs+ increases the ionic
conductivity by nearly half order of magnitude at temperatures above the Tm of PES23Cs.
Exchanging the counterion to NBu4+ increases ionic conductivity by two orders of magnitude
compared to the other PES23 polymers. The increase in ionic conductivity with increased
counterion size is primarily attributed to weakened ion-pairing interactions, which not only lower
the crystallization temperature by 70 - 90 °C but also enhance the mobility of ions by facilitating
ion dissociation.46 The ionic conductivities of all polymer at temperatures above the T m are
described well with a Vogel-Fulcher-Tammann (VFT) relationship: 𝜎 = 𝜎∞ exp(

−𝐷
),
𝑇−𝑇0

where D is

inversely related to the fragility, and T0 is the Vogel temperature corresponding to an infinitely slow
structural relaxation time. Fitting parameters are provided in Table D.3. The VFT behavior indicates
that the ion transport in melt-state PES23 polymers is facilitated by the polymer backbone
relaxation.53,54
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Figure 6.6. (a) Temperature-dependent ion conductivities of PES23 polymers during cooling. (b)
The ionic conductivities are presented separately to clarify the dependence on morphologies.
Dashed lines indicate the phase boundary obtained from cooling in DSC. HEX, GYR, LAY, DIS
denote hexagonal, gyroid, layered, and disordered ionic aggregate morphologies.

Figure 6.6b shows the ion transport for each polymer separately to demonstrate the
influence of morphology on the ionic conductivities. The ionic conductivity of PES23Li decreases
on cooling from 190 °C until the onset of hexagonal to gyroid phase transition occurs at 170 °C.
The ionic conductivity increases during this order-to-order phase transition until the transformation
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is completed at 150 °C. Then the 𝜎 continues to decrease with temperature in a VFT manner until
the conductivity is too low to be measured. These results demonstrate that the formation of the
interconnected gyroid ionic aggregate morphology is more efficient for ion conduction compared
to the hexagonal shaped ionic aggregates in PES23Li. Since PES23Na exhibits a single gyroid
phase throughout the measured temperature window, the ionic conductivities display a smooth
VFT-like temperature dependence.
For PES23Cs and PES23NBu4, the ion conduction displays a VFT behavior while the
polymers are in gyroid or disordered states in the melt. As the temperature decreases to the onset
of crystallization, the ionic conductivities show an abrupt decrease and exhibit Arrhenius-like
−𝐸

temperature dependence 𝜎 = 𝜎0 exp( 𝑅𝑇𝑎 ) , where 𝜎0 is the ionic conductivity at infinite high
temperature, and Ea is the activation energy for ion transport. Such Arrhenius-like behavior suggests
that ion transport in layers accompanied by the crystallization of polymer backbones is decoupled
from the polymer segmental relaxation. A similar trend was also observed in our recent work on
low molecular weight monodisperse and telechelic polyethylenes in Chapter 3 and PES48
multiblock copolymers in Chapter 5.
Ionic conductivities during the second heating from 25 °C were also investigated up to ~
180 °C (Figure D.11). Since PES23Na doesn’t exhibit morphological change within the measured
temperature window, the ionic conductivities are consistent upon heating and cooling. For
PES23Cs and PES23NBu4, the ionic conductivities in the layered morphologies show a small
discrepancy between first cooling and second heating due to differences in the crystal size and
crystallinity during the cooling. Once the polymers become fully melted, the ionic conductivities
are consistent between the cooling and heating cycles.
The phase transition hysteresis in PES23Li provides valuable insights regarding the
morphological effects on ion transport. Figure 6.7. shows the ionic conductivities of PES23Li upon
cooling (190 °C to 25 °C, ~ 1 °C/min) followed directly by a second heating (25 °C to 190 °C, ~
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1 °C/min). At high temperatures, we observed an increase in the ionic conductivity during cooling
(solid symbols) when the hexagonal-shaped ionic aggregates transform into the gyroid shape and
reduced ionic conductivity in the second heating cycle (open symbols) when the gyroid structure
evolves into the hexagonal symmetry. During the gyroid-hexagonal OOT between 150 °C and
180 °C, the ionic conductivities during the second heating are higher than those measured in the
first cooling and correspond to the persistence of the gyroid phase. These results unequivocally
demonstrate the higher ionic conductivity in the 𝐼𝑎3̅𝑑 cubical gyroid phase relative to the
hexagonal phase in PES23Li.

Figure 6.7. Ionic conductivity of PES23Li during the cooling from 190 °C to 25 °C (solid) and
heating back to 190 °C (open). LAY, GYR, and Hex denote that the polymer is in layered, gyroid,
and hexagonal phase, respectively.
To compare the ion transport in the gyroid and layered morphology, we measured the
isothermal ionic conductivity of PES23Li after directly cooling from 190 °C to 100 °C (~1°C/min).
The slow crystallization of PES23Li, as mentioned in the thermal analysis section, allows the ionic
conductivity to be probed as the amorphous gyroid structure slowly evolves into the semicrystalline
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layered structure (Figure 6.8a). X-ray scattering data was also collected isothermally at 100 °C for
a similar amount of time after cooling from 190 °C (~1°C/min). to confirm this structural evolution
(Figure 6.8b, c, d).

Figure 6.8. (a) Isothermal ionic conductivity of PES23Li as a function of time after cooling from
190 °C to 100 °C (~1°C/min). (b) Time-dependent X-ray scattering profiles of PES23Li after
cooling to 100 °C. The stars and the triangles represent the first order peak in the gyroid and layered
morphologies, respectively. (c) SAXS and (d) WAXS data of PES23Li at 100 °C as a function of
time. Each vertical strip is an individual intensity vs. q curve.
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Figure 6.8a shows that the ionic conductivity of PES23Li at 100 °C gradually decreases
over time from ~ 5 × 10−8S/cm until it reaches equilibrium with 𝜎~2 × 10−10S/cm after 500 min.
X-ray scattering patterns at selected times during isothermal crystallization at 100 °C with the same
thermal history are shown in Figure 6.8b and the full patterns as a function over time are shown as
heatmaps in Figure 6.8c,d. After 20 min, X-ray data indicates that the ionic aggregates of PES23Li
pack in a gyroid structure similar to the pattern in Figure 6.2. The appearance of a peak at lower q
after 200 min suggests the coexistence of the gyroid structure and the layered structure. At 300 min,
the layered structure dominates the overall ionic aggregate morphology and the crystalline peak at
1.48 Å-1 appears. The transformation is completed after ~500 min as evidenced from Figure 6.8c
and 6.8d, which is consistent with the ionic conductivity data. Note that the ionic conductivity in
the layered PES23Li is dependent on crystallinity, crystal domain sizes, grain boundary
morphologies, etc, which will vary with crystallization conditions. Thus, we demonstrate that the
bicontinuous gyroid phase is more efficient for ion conduction than the semicrystalline layered
morphology without macroscopic orientation in PES23Li.

6.3. Conclusion
The morphologies and ion transport properties were investigated for four polyethylene
sulfonates with different counterions, namely Li+, Na+, Cs+, and NBu4+. In situ X-ray scattering
captured the morphological evolution with temperature. Driven by the crystallization tendency of
long hydrocarbon block, these polymers can exhibit layered ionic aggregate morphologies with
folded chain conformation near the polar blocks. The layered ionic aggregate morphologies then
transform into an intriguing 𝐼𝑎3̅𝑑 bicontinuous gyroid structure upon the melting of the PES23Li,
PES23Na, and PES23Cs. The gyroid-shaped ionic aggregates in PES23Li and PES23Na further
evolve into a hexagonal symmetry at 170 – 190 °C. In contrast, the layered ionic aggregates in
PES23NBu4 directly transform to disordered aggregates upon heating to T > T m. The order-to-order
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transitions in ionic aggregate morphologies were also confirmed using oscillatory shear rheology.
We further showed that the ionic aggregate morphologies play a critical role in ion conduction.
Particularly for PES23Li, we demonstrated that bicontinuous gyroid morphology exhibited the
most efficient ion transport property in comparison to the isotropic layered and hexagonal
morphologies. These results suggest that without macroscopic alignment, the gyroid structure with
its 3D interconnected ion-conducting pathways is the most advantageous nanostructure for ion
conduction in these multiblock copolymers.
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CHAPTER 7.
CONCLUSIONS AND FUTURE WORKS
7.1. Conclusions
The fundamental understanding of ion containing-polymers remains one of the top ten
current intellectual challenges in macromolecules.1 This thesis contributes to the exploration of ion
transport in a set of nanostructured alternating multiblock copolymers with periodically separated
associating groups. Due to the uniformly distributed polar blocks, these multiblock copolymers can
self-assemble under different conditions into well-organized nanoscale morphologies, e.g. layered,
gyroid, and hexagonal structures. Traditional strategies to improve ion conduction are focused on
reducing the glass transition temperature or crystallinity in solid polymer electrolytes to enhance
the polymer dynamics.2 This thesis develops the new semicrystalline layered morphology for faster
ion transport that is decoupled from polymer segmental motion. The studies further found that the
3D interconnected gyroid morphology is more favorable for ion transport compared to isotropic
layered or hexagonal ionic aggregate structures. Unlike the microphase-separated morphologies in
conventional block copolymer electrolytes, e.g. PS-b-PEO with LiTFSI, the microphase-separated
conducting domains in these alternating multiblock polyethylenes are only composed of acid or
ionic groups, which are inherently more advantageous for ion conduction.
Chapter 2 of this thesis explores the fundamental question of the crystal structures in
precise polyethylene copolymers with associating side groups via solution-grown crystals. The
precise polymers examined in this chapter are linear polyethylenes (PE) with acid or ionic groups,
namely carboxylic acid, geminal carboxylic acid, and imidazolium bromide, placed on every 21st
backbone carbon atom. These associating side groups are too large to be incorporated into the
extended-chain PE crystals. Instead, the PE backbones are tightly folded back and forth near the
pendant group positions and form stacks of acid or ionic layers in the crystallites. According to
AFM, the solution-grown crystals in precise PEs with carboxylic acid pendant groups contain 2-3
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acid layers embedded in the crystals (8 – 12 nm). Surprisingly, there are ~150 ionic layers in the
imidazolium-containing precise PE solution-grown crystals with an average thickness ~500 nm.
The unusual thickness of the solution-grown crystals in the ion-containing PEs might be attributed
to strong electrostatic interactions between the ionic groups and provides strong evidence for the
polymer conformations with tight turns close to the functional groups. This novel chain-folding
conformation in the crystals could be further adapted for ion or proton transport.
Chapter 3 investigates the morphologies and ion transport properties in a series of
monodisperse and precise telechelic PEs with carboxylic acid or sodium, cesium, zinc carboxylate
end groups. Like the precise acid- and ion-containing PEs examined in Chapter 2, these precise
telechelic PEs also form highly ordered layered structures capable of transporting ions in the ionic
layers. Because of the relatively short chain lengths with only 21 or 46 methylene units, extendedchain crystal structures are formed at room temperature with layer-to-layer distances comparable
to the all-trans chain lengths. In situ X-ray scattering was performed on these materials to
investigate the structural transitions with temperature. The C21(COOH)2, C46(COOH)2, and
C46(COO)2Zn directly melt into a disordered liquid state when heating above the Tm. In contrast,
C23(COONa)2, C46(COONa)2, C46(COOCs)2 exhibit a crystal phase transition before the melting of
the hydrocarbon backbones. Interestingly, C46(COONa)2 further shows a layered to hexagonal ionic
aggregate morphology transition accompanied by the melting of alkyl chains. The hexagonal ionic
aggregate symmetry is unprecedented in any precise polymers studied so far. Ionic conductivity
measurement results reveal that the metal cation transport in the semicrystalline layered
morphologies exhibits a decoupling from the polymer segmental relaxation. While the ionic
conductivities are currently low in these telechelic PEs, the decoupling transport from polymer
segmental motion provides a promising strategy to enhance ion transport with the utilization of
polymer crystallization.
Because of the synthetic challenges leading to the strictly precise PEs, a new set of
alternating multiblock PEs is designed and synthesized as reported in Chapter 4. These nearly
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precise lithium-containing ionomers were polymerized from commercially available diol and
dianhydride monomers followed by the neutralization of the pendant carboxylic acid groups with
different amounts of lithium salt. The resulting polymers possess short polar blocks with different
levels of lithium-ion content periodically separated by either 6 or 12 methylene sequences. These
nearly precise ionomers are amorphous and exhibit a single glass transition temperature because
the methylene sequence is shorter than those polymers explored in Chapters 2 and 3. The ionic
aggregate morphologies resemble those observed in truly precise PEs and the packing order
increases with the degree of lithium neutralization, as evidenced by X-ray scattering. Ion transport
in highly neutralized nearly precise polymers exhibits Arrhenius-like temperature dependence at
T > Tg, indicating the ion transport is decoupled from polymer segmental dynamics. We
hypothesize that the increased connectivity of ionic aggregates in highly neutralized nearly precise
polymer gives rise to this decoupling behavior. Future work, such as molecule dynamic simulations,
will be necessary to further understand the ion transport mechanisms.
In chapter 5, the morphologies and ion transport in a set of multiblock polyethylene
sulfonates with Na+, Cs+, or NBu4+ counterions, namely PES48Na, PES48Cs, PES48NBu4, are
examined. Driven by the crystallization of long alkyl blocks, all periodic PE sulfonates crystallize
into layered structures similar to the precise PEs studied in Chapter 2. All periodic PE sulfonates
exhibit a hydrocarbon crystal phase transition prior to melting, similar to that observed in telechelic
PEs (Chapter 3). While the ionic aggregates in PES48NBu4 become disordered upon the melting of
alkyl blocks, the ionic aggregates in PES48Na and PES48Cs transform into a hexagonal symmetry
at T > Tm. The unique order-to-order transitions (OOT) in PES48Na and PES48Cs might be
attributed to the volume fraction differences in polar blocks induced by the counterion size change.
A decoupling of ion transport within the ionic layers from the polymer segmental motion is also
observed in these periodic PEs. When increasing the counterion size from Na+, Cs+, to NBu4+, the
ion conduction increases by almost two orders of magnitude, which is primarily ascribed to the
weakened ion bonding affinity.in PES48NBu4. This study indicates that reducing the electrostatic
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interaction between tethered anion and counterions has great potential to further enhance ion
conduction in single-ion conductors.
Chapter 6 studies a similar series of multiblock PE sulfonates (PES23) with shorter alkyl
block lengths, 23 CH2 units. These PES23 polymers are synthesized from similar polyesterification
reactions described in Chapter 5. The Li+, Na+, Cs+ and +NBu4 counterions were introduced for
systematic comparison. The PES23 multiblock copolymers crystallize into semicrystalline layered
morphologies at room temperature. Accompanied by the melting of alkyl blocks, the gyroid
morphology appears in PES23Li, PES23Na, and PES23Cs. This is the first report of a bicontinuous
gyroid morphology in multiblock copolymers without the addition of small molecules. The gyroid
morphology further transforms into a hexagonal symmetry upon heating. This gyroid-to-hexagonal
OOT is further confirmed through rheological measurements. In contrast, upon melting
PES48NBu4 transforms directly from layered ionic aggregates to a disordered phase due to the
increased counterion size. The ionic conductivity results indicate that the bicontinuous gyroid
morphology exhibit the most efficient ion transport in PES23Li compared to the hexagonal or
layered morphologies. This study reveals a new set of multiblock PEs capable of forming
interconnected gyroid ionic aggregates that are ideal candidates for improving transport in highly
connected domains.
7.2. Future Work
Controlling the position of associating side groups along a linear polymer creates ordered
nanoscale morphologies and this is a promising direction establishing a fundamental understanding
of the structure-property relationship in SPEs. In the current thesis, layered, hexagonal, and gyroid
ionic aggregates have been identified in a series of alternating multiblock copolymers, and this
interconnected gyroid phase is more efficient for ion transport compared to the layered and
hexagonal phases. Yet, the exploration of the relationship between ion transport and the ionic
aggregate morphologies as controlled by polymer sequence is nascent. Enormous unexplored areas
remain that can now be investigated through recent advances in synthetic chemistry and improved
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processing methods. (i) Can we still create well-defined nanostructures in periodic PEs with
longer/shorter or both methylene sequence lengths? (ii) Can we predict and control the desired ionic
aggregate morphologies? (iii) Can we extend the periodic pendant group chemistry from
carboxylate, sulfonate to other anions, or even to cations? (iv) Apart from tuning the ionic aggregate
morphologies, how can we further facilitate the ion conduction in the future?
Future work for semicrystalline layered morphologies. So far, all the ionic conductivities
were measured on isotropic bulk materials and the crystallites are randomly oriented without
macroscopic alignment. The random orientation of the crystallites induces extra energy barriers for
ions to transport across grain boundaries and increases the tortuosity of the ion conduction
pathways. Future efforts on these semicrystalline layered precise PEs could be focused on the
macroscopic alignment of the crystallites to induce ion transport in desired directions. The in-plane
ionic conductivities (𝜎∥ ) are expected to be significantly more efficient than the through-plane
conductivities (𝜎⊥ ) (Figure 7.1).

Figure 7.1. In-plane ionic conductivity (𝜎∥ ) and through-plane conductivity (𝜎⊥ ) through layered
crystallites in precise PEs or alternating multiblock copolymers.

Several potential processing methods could be considered to align the crystallites
macroscopically. First, shear- or flow-induced crystallization has been demonstrated to produce
anisotropic semicrystalline structures.3,4 This method could be applied to produce anisotropic
crystallization in these alternating multiblock PEs with long methylene sequences. Several
parameters are required to be considered for shear-induced or flow-induced crystallization: (i) shear
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geometry, e.g. cone-plate, parallel plates; (ii) flow conditions, e.g. shear rate; (iii) temperature
protocols based on the thermal properties of the polymers. Second, the polymer orientational
alignment could be realized by tuning the surface modification of the substrates. When depositing
the periodic PEs from solution to a hydrophilic Si-wafer substrate (e.g. with -OH end groups), the
formation of acid or ionic layers will favor an orientation that is parallel to the substrate surface
because of the hydrogen bonding forces or dipole interactions. Another possible approach to obtain
the anisotropic acid or ionic layers would be growing the polymers from or grafting the polymer to
-OH functionalized substrates. The surface -OH groups would react with diesters or dianhydride
monomers and the resulting dimers could participate in the polymerization reaction described in
chapter 4, 5, and 6. The produced polymers with one end tethered to the substrate would produce
acid or ionic layers that are parallel to the substrate surface. The polymer anisotropy could be
characterized via X-ray scattering, grazing-incidence X-ray scattering, AFM, or SEM. The throughplane conductivity (𝜎⊥ ) and in-plane ionic conductivity (𝜎∥ ) could be measured by sandwiching the
polymer film in between two parallel electrodes,5 using the four-parallel-electrode methods,6 or the
interdigitated electrodes.7,8
The prediction and determination of the morphologies in other alternating multiblock
PEs. This thesis has shown the ionic aggregate morphologies in several alternating multiblock
copolymers with associating side groups separated by 6, 12, 21, or 46 methylene sequences. When
the PE blocks are short, e.g. 6 or 12 methylene units, the copolymers are amorphous at room
temperature. Increasing the PE block lengths to 21 CH2 units or longer induces crystallization of
the alkyl segments. These semicrystalline layered morphologies can further transform into gyroid,
hexagonal symmetry, or disordered morphologies at T > Tm. This demonstrates that varying the
volume fraction of ionic groups by changing PE block length or counterion size can induce different
morphologies. What other morphologies could be created if the alkyl spacer lengths are between
12 and 21 methylene units? Could we lower the temperature threshold for the formation of the
gyroid or hexagonal morphologies to enhance the ion transport at lower temperatures? Furthermore,
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the formation of inverse gyroid or hexagonal phase, where the conducting domains are the majority
phase of the polymers, would further enhance the ion conduction due to reduced intrinsic tortuosity.
Therefore, predicting the microphase separation behaviors of these multiblock copolymers with a
short highly polar block alternating with a long nonpolar block is critical and could be accomplished
by molecular dynamic simulations. Coarse-grained simulations that incorporate the dipole
interactions are starting in Prof. Riggleman’s group and could provide valuable guidance on the
phase separation behavior. The alkyl spacer lengths in the polymers could be easily modified
through changing the lengths of the diol monomers used in polyesterification reaction, and different
counterions could be introduced through ion-exchanging methods.
Increasing the ion conduction through facilitating counterion dissociation. While
increasing the ion-conducting domain connectivity or decoupling the ion transport from polymer
segmental dynamics enhances the ion conduction, the ionic conductivities in alternating multiblock
copolymers are still limited as a result of poor dissociation of the cations from anions tethered to
the polymer backbone. Strategies toward promoting counterion dissociation in these alternating
multiblock copolymers would be an alternative promising path ahead. Since the nonconducting
blocks are PEs and provide a low dielectric environment, the incorporation of high dielectric
constant additives or modifications of polymer chemistry are viable approaches to facilitate
counterion dissociation.
The current state-of-art lithium battery electrolytes are composed of LiPF6 or LiTFSI salts
dissolved in a mixture of ethylene carbonate (EC) and linear aliphatic carbonates, such as dimethyl
carbonates (DMC).9 The polar organic molecules coordinate with Li+ ions and increase the lithiumion dissociation, which enhances the ionic conductivity.10 The effect of incorporating high
dielectric constant organic molecules, such as EC or DMC, on ionic conductivity and ionic
aggregates morphologies change should be pursued in these multiblock copolymers. Apart from
conventional carbonate molecules, fluorinated carbonates,9 dimethylsulfoxide (DMSO),11 and
dimethoxyethane (DME)12 are also potential candidates to be considered. In addition to the
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aforementioned molecules, ionic liquids (ILs) with inherent low vapor pressure, high thermal
stability, and wide electrochemical stability window make them promising additives in polymer
electrolyte membranes.2 Imidazolium [IM+]-based ILs are good starting points. The common
[IM+]-based IL family include 1,3-dimethylimidazolium [MMIm+] and ethyl-3methylimidazolium
[EMIm+] cations, with [TFSI-], methanesulphonate [MS-], or tetrafluoroborate [BF4-] anions.
Zwitterions, such as 3-(1-methyl-3-imidazolium)propanesulfonate [ZImS], should also be
considered due to the electroneutral nature of the molecules. The incorporation of organic
molecules modifies the degree of ion dissociation, local ion concentration, thermal transition
temperatures of the polymer, and phase separation behaviors. Consequently, there remains a large
number of unexplored structures and properties of alternating multiblock PEs with different organic
molecule additives.
Another promising direction toward enhancing counterion dissociation is through the
adjustment of anion chemistry. This thesis explored ion conduction in carboxylate- and sulfonatecontaining PEs. Replacing the tethered anion group chemistry with TFSI- could weaken the anion
binding affinity to Li+ and thus promote the ion mobility. Besides adjusting the pendant group
chemistry, introducing more polar functional groups with high electron donor characteristics into
the polymer backbone, such as ether (–O–), sulfide (–S–), amine (–N–), phosphine (–P–), carbonyl
(C=O) and cyano (C≡N), are also potential directions that merit consideration for higher degree of
ion dissociation.
From periodic polyanions to polyzwitterions to polycations. While polyanions receive
tremendous attention in recent decades due to their potential application as SPEs in lithium or
sodium batteries, the investigations of polyzwitterions as solid-state supercapacitors13,14 and
polycations as anion exchange membranes15–17 are still in the early stages. Utilizing the design
principles for alternating multiblock PEs, further chemistry modifications of the monomers or
polymers are possible to produce periodic polyzwitterions and polycations. Zwitterionic groups
might initially include ammonium phosphate18 or ammonium sulfonate.13 Cationic pendant groups
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of interest are imidazolium, tetra-alkyl ammonium, pyridinium, phosphonium, and sulfonium
groups. With the controlled molecular architectures of these periodic polycations, interesting
properties could be discovered along the way.
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APPENDIX A.
SUPPLEMENTAL INFORMATION FOR CHAPTER 3
A.1. Additional characterization results
Elemental Analysis results
Table A.1. Elemental Analysis of Ionic Telechelic Compounds.
Compound

% C (calc.)

% C (found)

% H (calc.)

% H (found)

C21-(COOH)2

71.83

71.58

11.53

11.15

C21-(COONa)2

64.46

63.54

9.88

10.17

C46-(COOH)2

78.41

78.21

12.89

12.56

C46-(COONa)2

73.99

73.83

11.90

11.54

C46-(COOCs)2

57.71

57.10

9.28

9.42

C46-(COO)2Zn

72.19

72.04

11.61

11.46
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ATR-IR data

Figure A.1. ATR-IR spectra of C23 and C48 dicarboxylates and metal salts.

151

DSC and TGA thermograms

Figure A.2. DSC thermograms for all telechelic materials from the second heating and cooling
(endothermic up).
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Figure A.3. TGA thermal graph of C46(COONa)2.
The sample masses as a percentage of the original masses are plotted as a function of
temperature. A 1.5 wt% loss at ~300 °C might due to a partial decarboxylation, and the material
fully decomposes at ~ 450 °C.

Optical Microscopy Images

Figure A.4. Optical microscopy (c,d polarized) hot stage images taken at temperatures of
characteristic DSC signals of C46(COOCs)2; a) room temperature; b) 210 °C, solid to melt
transition; c) 190 °C, melt to solid transition; d) 130 °C: change of crystal size and shape.
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Room-temperature X-ray scattering data of C46(COO)2Zn

Figure A.5. Room-temperature X-ray scattering data of C46(COO)2Zn exhibiting monoclinic
crystal structure taken from the Dual Source and Environmental X-ray scattering (DEXS) facility
at University of Pennsylvania.
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A.2. Fitting of X-ray scattering profiles

Figure A.6. Fitting of the 1st order layer peaks (q*) from 1D X-ray scattering data of C23 and C48
precise telechelic PEs at 33 oC.

To improve the fitting quality of q*, pseudo-Voigt models and a linear background were
used to fit both the 1st order and 2nd order layer peaks. Blue dots are from experimental data. Red
solid lines are total fit. Colored dashed lines represent fitting components. Fitting parameters are
provided in the following table.
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Table A.2. Fitting parameters of the 1st order layer peak (q*) in melt-crystalized precise telechelic
PEs at 33 oC
Materials

q* [Å]

FWHM of q* [Å-1]

C21(COOH)2

0.276

0.018

C21(COONa)2

0.201

0.019

C46(COOH)2

0.119

0.037

C46(COONa)2

0.106

0.033

C46(COOCs)2
C46(COO)2Zn

0.115
0.109

0.027
0.040
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A.3. Complete in situ X-ray scattering data
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Figure A.7. in situ X-ray scattering data of (a), (b) C23 and (c), (d), (e), (f) C48 materials during the
cooling from the melt state (left) and second heating cycle (right). The thermotropic phase
transitions in all materials are reversible.
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A.4. Conductivity of the non-ionic C46(COOMe)2

Figure A.8. Ionic conductivities of the ionic telechelic PEs compared with the baseline (gray
triangles) from C46(COOMe)2.
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APPENDIX B.
SUPPLEMENTAL INFORMATION FOR CHAPTER 4

B.1. 1H NMR spectra for polymers in DMSO-d6
The chemical structures of synthesized polymers were characterized by 1H NMR. The
peaks at 0 ppm, 2.5 ppm, and 3.3 ppm correspond to TMS, DMSO, and water traces in DMSO
solvent. The integration of proton peaks showed good agreement with the number of hydrogens in
the backbone. The chemical shift of protons at H-4, H-5, H4’, H5’ or H4”, H5” position partially
overlap with the protons from DMSO, and thus the total number of protons obtained from
integration is smaller than the theoretical value.

Figure B.1. 1H NMR spectra (360MHz, DMSO-d6) of PE6BA. Chemical shifts were referenced to
TMS at 0 ppm.
H NMR (360 MHz, DMSO-d6) δ (ppm) 3.99 (m, 4H, H-1), 3.14 (br, 6H, H-4, H-5, H4’,

1

H5’, H4” & H5”), 1.539 (m, 4H, H-2), 1.302 (m, 4H, H-3).
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Figure B.2. 1H NMR spectra (360MHz, DMSO-d6) of PE12BA. Chemical shifts were referenced
to TMS at 0 ppm.
H NMR (360 MHz, DMSO-d6) δ (ppm) 3.98 (m, 4H, H-1), 3.03-3.17 (br, 6H, H-4, H-5,

1

H4’, H5’, H4” & H5”), 1.53 (m, 4H, H-2), 1.302 (m, 16H, H-3).
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B.2. GPC spectra

Figure B.3. GPC spectra of (a) PE12BA and (b) PE6BA polymer.

B.3. DSC thermal graphs

Figure B.4. DSC thermograms of (a) PE6BA and (b) PE12BA polymers during the second heating
at 10°C/min.
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B.4. Fitting of the X-ray scattering profiles

Figure B.5. Fitting of the X-ray scattering profiles (light blue dots) of PE6BA polymers before and
after neutralization with pseudo-Voigt functions and a linear background (color dashed lines). The
total fits are shown in red solid lines.
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Figure B.6. Fitting of the X-ray scattering profiles (light blue dots) of PE12BA polymers before
and after neutralization with pseudo-Voigt functions and a linear background (color dashed lines).
The total fits are shown in red solid lines.
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Table B.1. Fitting parameters of the 1st order ionomer peak (q*) in PE6BA and PE12BA nearly
precise polymers.
Polymers

q*[Å-1]

FWHM [Å-1]

PE6BA

0.687

0.441

PE6BA-14Li

0.584

0.470

PE6BA-36Li

0.329

0.118

PE6BA-65Li

0.344

0.027

PE6BA-82Li

0.347

0.016

PE12BA

0.300

0.168

PE12BA-21Li

0.290

0.189

PE12BA-30Li

0.261

0.112

PE12BA-50Li

0.247

0.036

PE12BA-79Li

0.252

0.023

B.5. Electrochemical impedance spectroscopy (EIS) data
Figure B.7 shows a Nyquist plot of the impedance data obtained from PE6BA-82Li
ionomer at 385 K. As commonly observed in ion-conducting polymer electrolytes, there is a
semicircle at the high-frequency range and a capacitive tail at low frequencies. A parallel
combination of a resistor (Rb), and a constant phase element (CPE2) accounts for the semicircle
resulting from the bulk resistance and the geometry capacity of the electrolyte. The low-frequency
straight tail after the semicircle can be explained with CPE1 corresponding to the double layer
capacity of an inhomogeneous electrode surface.1
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Figure B.7. Nyquist impedance plot (𝑍" 𝑣𝑠 𝑍′) of PE6BA-82Li at 385 K for a frequency range of
1MHz to 0.1 Hz. Red squares and solid line correspond to the experimental data and the blue solid
line shows the fitting with equivalent circuit shown in the inset.
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B.6. Fitting of ionic conductivity data
Table B.2. VFT or Arrhenius equation fitting parameters for ionic conductivity
Polymers

VFT

Arrhenius

log 𝜎∞ [S/cm]

D

T0 [K]

log σ0 [S/cm]

Ea [kJ/mol]

PE6BA-82Li

--

--

--

8.2

46.8

PE6BA-65Li

--

--

--

8.4

46.1

PE6BA-36Li

-1.1

3.1

239.3

--

--

PE6BA-14Li

-0.3

3.7

240.6

--

--

PE12BA-79Li

--

--

--

7.1

45.9

PE12BA-50Li

-1.8

2.9

245.4

--

--

PE12BA-30Li

2.9

12.4

171.0

--

--

PE12BA-21Li

2.1

14.1

162.4

--

--

B.7. References
(1)

Rubinson, J. F.; Kayinamura, Y. P. Chem Soc Rev. 2009, 38 (12), 3339-3347.
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APPENDIX C.
SUPPLEMENTAL INFORMATION FOR CHAPTER 5

C.1. Dynamic scanning calorimetry

Figure C.1. DSC of tetrabutylammonium dimethyl sulfosuccinate, heating rate 10 °C/min, first
heating (black), cooling (red) and second heating (blue).

C.2. Determination of molecular weight by 1H NMR
High temperature 1H NMR spectroscopy was used to calculate the (number average)
molecular weight of PES48 polymers from the degree of polymerization and the degree of
polymerization was calculated from the ratio of backbone to end groups, Figure C.2. As backbone
signal in the methylene group next to the ester group in the backbone (B: δ = 3.97 ppm, m, 4H)
was used and two different end groups are observed.
E1 & E1’: methyl ester (δ = 3.57 ppm and 3.58 ppm, s, 3H)
E2: hydroxymethylene (δ = 3.41 ppm, t, 2H)
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The degree of polymerization is then calculated by

𝐷𝑃𝑛 =

∫𝐵
+1
𝐸1
𝐸
∫ 3 + ∫ 22

The number average molecular weight (Mn) was calculated by multiplying the molecular
weight of the repeat unit with DPn/2 because one repeat unit consists of 2 monomers:

𝑀𝑛 = 𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 ∗

𝐷𝑃𝑛
2

Figure C.2. Exemplary 1H NMR of PES48NBu4 in d6-DMSO at 388 K for the determination of
the degree of polymerization
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C.3. NMR spectra
PES48NBu4

Figure C.3. 1H NMR spectrum of PES48NBu4.
H NMR (600 MHz, d6-DMSO, 115 °C) δ 3.97 (m, 4H, H-3 & H-3’), 3.68 (vd, 3JH,H =

1

11.3 Hz, 1H, H-2), 3.57 (s, end-group, H-10 & H-10’), 3.41 (t, 3JH,H = 6.5 Hz, end-group, H-11),
3.22 (m, 8H, H-6), 2.77 – 3.00 (m, 2H, H-1), 1.65 (quin., 3JH,H = 7.5 Hz, 8H, H-7), 1.55 (m, 4H,
H-4 & H-4’), 1.38 (sext., 3JH,H = 7.3 Hz, 8H, H-8), 1.27 (m, 88H, H-5), 0.97 (t, 3JH,H = 7.3 Hz,
12H, H-9).
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Figure C.4. 13C NMR of PES48NBu4.
13

C NMR (151 MHz, DMSO, 115 °C) δ 171.38 (C-10 or C-11), 168.75 (C-10 or C-11),

64.21 (C-3 or C-3‘), 64.19 (C-3 or C-3’), 62.47 (C-2), 58.97 (C-6), 35.00 (C-1), 29.43 (C-5),
29.14 (C-5), 28.75 (C-4 & C-4‘), 25.87 (C-5), 25.80 (C-5), 23.89 (C-7), 19.70 (C-8), 13.57 (C-9).
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PES48Cs75/NBu425

Figure C.5. 1H NMR spectrum of PES48Cs75/NBu425.
H NMR (400 MHz, d6-DMSO, 110 °C) δ 3.98 (m, 4H, H-3 & H-3’), 3.69 (m, 1H, H-2),

1

3.58 (s, end-group, H-6 and 6’), 3.41 (t, end-group, H-7), 2.78 – 3.00 (m, 2H, H-1), 1.56 (m, 4H,
H-4 & H-4’), 1.27 (m, 88H, H-5).

172

PES48Na

Figure C.6. 1H NMR spectrum of PES48Na.
H NMR (600 MHz, d6-DMSO, 115 °C) δ 3.98 (m, 4H, H-3 & H-3’), 3.71 (m, 1H, H-2),

1

3.58 (s, end-group, H-6 and 6’), 3.42 (t, end-group, H-7), 2.78 – 3.00 (m, 2H, H-1), 1.55 (m, 4H,
H-4 & H-4’), 1.27 (m, 88H, H-5).
Impurities:
3 % +NBu4
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Figure C.7. 13C NMR of PES48Na.
13

C NMR (151 MHz, DMSO, 115 °C) δ 64.34 (C-3 or C-3’), 64.29 (C-3 or C-3’), 62.44

(C-2), 29.42 (C-5), 28.73 (C-4 & C-4’), 25.87 (C-5), 25.80 (C-5).
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PE48

Figure C.8. 1H NMR of PE48.
H NMR (400 MHz, d6-DMSO, 110 °C) δ 4.14 (t, 3JH,H = 6.8 Hz, 4H, H-2), 3.74 (s, end-group,

1

H-5), 2.66 (s, end-group, H-6), 2.65 (s, 4H, H-1), 1.69 (quin., 3JH,H = 7.0 Hz, 4H, H-3), 1.36 (m,
88H, H-4).
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C.4. Gel permeation chromatography

Figure C.9. Molecular weight distribution of PES48NBu4 measured by GPC in DMSO (+ 0.1 M
LiCl + 5 g/L acetic acid) at 80 °C against PMMA standards.

Figure C.10. Molecular weight distribution of PE48 measured by GPC in 1,2-dichlorobenzene at
160 °C with linear calibration against linear polyethylene standards.
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C.5. Additional X-ray scattering results

Figure C.11. Room temperature small-angle and wide-angle X-ray scattering profiles of bulk
PES48Na, PES48Cs75/NBu425, and PES48NBu4.
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Figure C.12. X-ray scattering profiles of bulk (a) PES48NBu4, (b) PES48Cs75/NBu425, and (c)
PES48Na at all temperatures measured during cooling from the melt (left) and the second heating
(right). The morphological transitions during the cooling and second heating are fully reversible in
all three polymers.
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Figure C.13. d-spacing of ionic aggregates as a function of temperature in bulk PES48NBu4,
PES48Cs75/NBu425, and PES48Na. Filled and open markers represent the daggregate below and
above the Tm. All error bars are smaller than the markers.
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C.6. Additional nanoparticle analyses

Figure C.14. Dynamic light scattering of PES48Na nanoparticle dispersion (number weighted).

Figure C.15. Cryo-TEM images of PES48Na nanoparticle dispersion.
C.7. Representative EIS data
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Figure C.16. Representative Nyquist plot of PES48Na at 410K. The minimum of the semicircle
where Z” = 0 represent the resistance of the bulk polymer film.

C.8. Comparison X-ray data of anhydrous PES48NBu4 and PES48NBu4 at 100%
RH

Figure C.17. X-ray scattering of PES48NBu4 at anhydrous condition and 100% relative humidity
(RH) environment at room temperature. The numbers denote the q ratio of peaks relative to the
first order layer peak. The layered structure is also present after the incorporation of water
molecules.
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APPENDIX D.
SUPPLEMENTAL INFORMATION FOR CHAPTER 6
D.1. Experimental Methods
Materials and General Considerations. All reactions and manipulations of moisture and
air-sensitive substances were performed under inert gas atmosphere using standard Schlenk or
glove box techniques. Toluene was distilled from sodium prior to use and stored under inert gas
atmosphere. Titanium(IV) butoxide was stored in a glove box under inert gas atmosphere.
Tricosane-1,23-diol was synthesized according to the previously reported procedure.1 Tetra-nbutylammonium dimethylsulfosuccinate was synthesized from sodium dimethyl sulfosuccinate by
the procedures reported in Chapter 5. Lithium chloride and cesium chloride were supplied by Merck.
Titanium(IV) butoxide (≥ 97 %) and dimethyl succinate were supplied by Sigma Aldrich and
sodium chloride was supplied by VWR.
Synthesis.
General procedure for melt polycondensations of PES23NBu4 ionomer
Polymerizations were performed in a 100 mL two-necked Schlenk tube equipped with an
overhead stirrer. Efficient mixing of the viscous polymer melt was achieved by a helical agitator.
The monomers (tetrabutylammonium sulfosuccinate and 1,23-tricosanediol, 1:1 ratio) were
weighed into the reaction vessel, degassed and set under nitrogen atmosphere. The reaction vessel
was heated to 130 °C until all solids were completely melted, and 500 ppm of Ti(OnBu)4 catalyst
were injected as 0.01 M solution in toluene. A constant nitrogen stream was applied and the
temperature was raised to 170 °C by 10 °C each hour. At 160 °C the nitrogen stream was turned off
and reduced pressure was applied (~ 0.01 mbar). The melt was stirred for up to 20 h at 170 °C and
the degree of polymerization monitored by NMR until the desired molecular weight was obtained.

182

Melt polycondensation of PE polymer
703.2 mg (1.97 mmol) of 1,23-tricosane diol and 458.4 mg (3.14 mmol, 1.6 equivalents)
dimethyl succinate were weighed into a 50 mL Schleck tube and set under nitrogen atmosphere.
The Schleck was heated to 130 °C until all solids were completely melted and 0.1 mL TiOnBu4
(0.01 M in toluene) were added as a catalyst. The melt was stirred (with a magnetic stirring bar) for
15 min in the closed vessel and 45 min under a constant nitrogen stream. The temperature was
raised to 180 °C by 10 °C each hour. At 160 °C, the nitrogen stream was turned off and reduced
pressure was applied (~ 0.01 mbar). After 17 h at 180 °C additional 0.1 mL, TiOnBu4 catalyst
solution was added, heated to 190 °C and stirred under vacuum for an additional 2 hours. The melt
was cooled to room temperature, dissolved in chloroform, precipitated in methanol, filtered off and
dried under reduced pressure over night to yield a white solid.
General procedure for the ion exchange from tetrabutylammonium to lithium,
sodium or potassium
The tetrabutylammonium PES polymer was dispersed in aqueous solutions of lithium
chloride (2 M), sodium chloride (saturated) or cesium chloride (11 M). To facilitate the process, the
dispersion was stirred vigorously, heated to temperatures up to 80 °C and/or placed in an
ultrasonication bath. The solid was filtered off, washed with the salt solution and deionized water
until the filtrate was free of chloride ions (tested with silver nitrate). The wet filtrate was washed
with acetone to facilitate drying and dried under reduced pressure for at least 3 days. With this
procedure, the desired PES polymers were obtained as white powders in quantitative yields.
Characterization of synthesized polymers. NMR spectra were recorded on a Bruker
Avance III 400 or 600. 1H and 13C chemical shifts were referenced to the solvent signal. Hightemperature NMR measurements of polymers were performed in dimethyl sulfoxide-d6 at 110 or
115 °C or in tetrachloroethane-d2 at 90 °C.
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DSC was performed on a TA Q2000 instrument for all polymers. Samples were dried at
60 C under vacuum overnight prior to the measurement and were heated to ~200C to remove any
thermal history. A temperature ramp rate of 10 C/min was applied to PES23Cs and PES23NBu4,
and a 1C/min ramp rate was chosen for PES23Li and PES23Na due to the slow crystal growth
rate. All data reported are selected from the second cycle.
X-ray scattering. X-ray scattering measurements were performed at the Dual Source and
Environmental X-ray scattering (DEXS) facility operated by the Laboratory for Research on the
Structure of Matter at the University of Pennsylvania. A Xeuss 2.0 (Xenocs) was used with a
GeniX3D source (energy = 8 keV, Cu Kα, λ = 1.54 Å), a PILATUS3 1M detector (981×1043 pixels,
pixel dimension 172 µm) for the small-angle scattering (SAXS), and a compatible Pilatus 100K
detector (487×195 pixels, pixel dimension 172 µm) for the wide-angle scattering (WAXS). The
sample-to-detector distances are for 35 cm for SAXS and 16 cm for WAXS. in situ X-ray scattering
profiles at various temperatures were measured using a Linkam HFSX350-GI hot stage. Polymers
were filled into 1.0 mm diameter glass capillaries (Charles Super Company) after fully dried under
vacuum. The polymers were first heated above T m to remove any thermal history and then cooled
to 30 °C followed by heating back to the melt state to confirm the reversibility of the structural
transitions. Data were collected every 20 °C for 10 min, after 5 min equilibration time. All 2D Data
was azimuthally integrated to 1D using the Foxtrot software. The peaks were fitted with the
Lorentzian model to extract peak position and the FWHM.

Rheology. Melt-state rheology measurements were performed on an ARES G2 rheometer
(TA instrument) equipped with a set of parallel plates of 8 mm for the top and 25 mm for the lower
plate. 1% strain was chosen to ensure all measurements were taken within the linear viscoelastic
regime. Temperature sweeps measurements were taken at a rate of 5 °C /min and 1 rad/s fixed
frequency. Samples were first cooled from ~70 °C above the melting point and tested for at least
two cooling and heating cycles to ensure the reproducibility
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Electrochemical Impedance Spectroscopy (EIS). The temperature dependent ionic
conductivities were measured via the EIS with a Solartron Analytical Modulab XM MTS
spectrometer in a Janis VPF-100 cryostat with a frequency range of 10−1 to 106 Hz at an amplitude
of 100 mV. The hot-pressed films, which are larger than 10mm in diameter, were sandwiched
between two stainless steel parallel plates with 10 mm upper electrode diameter. The samples were
first equilibrated at ~180 °C under vacuum in the cryostat until no change in the impedance.
Measurements were performed isothermally every 5 °C after 5 min equilibration time until the bulk
polymer resistance is beyond the instrument detection limit. The measurements were repeated at
least over two heating and cooling cycles over three parallel samples. Bulk polymer resistance (R)
at each tested temperature was extracted from the Nyquist plot using ModuLab XM MTS software,
and the DC ionic conductivity (𝜎) was calculated from =

𝑙
𝐴×𝑅

, in which l is the polymer film

thickness and A is the top electrode area.
D.2. Determination of molecular weight by 1H NMR
High temperature 1H NMR spectroscopy was used to calculate the (number average)
molecular weight of PES polymers from the degree of polymerization. The degree of
polymerization was calculated from the ratio of backbone to end-groups. As backbone signal, the
methylene group next to the ester group in the backbone (B: δ = 3.99 ppm, m, 4H) was used and
two different end-groups are observed:
E1 & E1’: methyl ester (δ = 3.58 ppm and 3.59 ppm, s, 3H)
E2: hydroxymethylene (δ = 3.42 ppm, t, 2H)
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Figure D.1. Exemplary 1H NMR of PES23NBu4 in d6-DMSO at 388 K for the determination of
the degree of polymerization.
The degree of polymerization is then calculated by
𝐷𝑃𝑛 =

∫𝐵
+1
𝐸1
𝐸
∫ 3 + ∫ 22

The number average molecular weight (Mn) was calculated by multiplying the molecular
weight of the repeat unit with DPn/2 because one repeat units consist of 2 monomers:
𝑀𝑛 = 𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 ∗
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𝐷𝑃𝑛
2

D.3. NMR Spectra
PES23NBu4

Figure D.2. 1H NMR spectrum of PES23NBu4.
1

H NMR (600 MHz, d6-DMSO, 115 °C) δ 3.99 (m, 4H, H-3 & H-3’), 3.68 (dd, 3JH,H = 11.1

Hz, 3JH,H = 3.8 Hz, 1H, H-2), 3.59 (s, end-group, H-10 or H-10’), 3.58 (s, end-group, H-10 or H10’), 3.42 (t, end-group, H-11), 3.21 (m, 8H, H-6), 2.93 (dd, 3JH,H = 17.0 Hz, 3JH,H = 11.1 Hz, H-1),
2.83 (dd, 3JH,H = 17.0 Hz, 3JH,H = 3.8 Hz, H-1), 1.65 (m, 8H, H-7), 1.56 (m, 4H, H-4 & H-4’), 1.38
(quin., 3JH,H = 7.3 Hz, 8H, H-8), 1.28 (m, 38H, H-5), 0.97 (t, 3JH,H = 7.3 Hz, 12H, H-9).
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PES23Li

Figure D.3. 1H NMR spectrum of PES23Li.
1

H NMR (400 MHz, d6-DMSO, 110 °C) δ 3.99 (m, 4H, H-3 & H-3‘), 3.69 (dd, 3JH,H = 10.9

Hz, 3JH,H = 4.0 Hz, 1H, H-2), 3.58 (s, end-group, H-6 or H-6‘), 3.42 (q, 3JH,H = 6.0 Hz, end-group,
H-7), 2.93 (dd, 3JH,H = 17.0 Hz, 3JH,H = 10.9 Hz, 1H, H-1), 2.84 (dd, 3JH,H = 17.0 Hz, 3JH,H = 4.0
Hz, 1H, H-1), 1.56 (m, 4H, H-4), 1.28 (m, 38H, H-5).
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PES23Na

Figure D.4. 1H NMR spectrum of PES23Li.
1

H NMR (600 MHz, d6-DMSO, 115 °C) δ 4.00 (m, 4H, H-3 & H-3’), 3.70 (dd, 3JH,H = 11.0

Hz, 3JH,H = 3.5 Hz, 1H, H-2), 3.59 (s, end-group, H-6 and H-6’), 3.42 (t, 3JH,H = 6.5 Hz, end-group,
H-7), 2.94 (dd, 3JH,H = 16.9 Hz, 3JH,H = 11.2 Hz, 1H, H-1), 2.84 (dd, 3JH,H = 16.9 Hz, 3JH,H = 3.5
Hz, 1H, H-1), 1.57 (m, 4H, H-4 & H-4’), 1.29 (m, 38H, H-5).
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PES23Cs

Figure D.5. 1H NMR spectrum of PES23Cs.
1

H NMR (400 MHz, d6-DMSO, 110 °C) δ 3.99 (m, 4H, H-3 & H-3‘), 3.69 (dd, 3JH,H = 10.9

Hz, 3JH,H = 4.0 Hz, 1H, H-2), 3.59 (s, end-group, H-6 or H-6‘), 3.58 (s, end-group, H-6 or H-6‘),
3.41 (t, 3JH,H = 6.5 Hz, end-group, H-7), 2.94 (dd, 3JH,H = 16.9 Hz, 3JH,H = 10.9 Hz, 1H, H-1), 2.84
(dd, 3JH,H = 16.9 Hz, 3JH,H = 4.0 Hz, 1H, H-1), 1.56 (m, 4H, H-4), 1.28 (m, 38H, H-5).
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PE23

Figure D.6. 1H NMR spectrum of PE23.
H NMR (400 MHz, C2D2Cl4, 90 °C) δ 4.12 (t, 3JH,H = 6.8 Hz, 4H, H-2), 3.73 (s, end-

1

group, H-5), 2.64 (s, 4H, H-1), 1.67 (quin., 3JH,H = 6.8 Hz, 4H, H-3), 1.33 (m, 38H, H-4).

191

D.4. DSC Thermograms

Figure D.7. DSC thermograms of (a) PES23Li, (b) PES23Na, (c) PES23Cs, (d) PES23NBu4 and
(e) PE23. The data for PES23Li was taken at a ramp rate of 1 °C/min. For PES23, the dark blue
data are from the second cycle after erasing the thermal history and the light blue data is the first
heating ramp after 3 days at room temperature. The arrows indicate temperature ramping direction.
The thermal transition temperatures and the corresponding enthalpies are as labeled.
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D.5. Representative crystallographic information
The small-angle X-ray scattering peak position data of PES23Li at 150 °C indicating a gyroid
structure (symmetry of 𝐼𝑎3̅𝑑, 𝑎 = 75.81 Å) are shown here as a representative.
Table D.1. Crystallographic Information of the PES23Li at 130 °C.

Peak #

(hkl)

q ratio

q [Å-1]

d [Å]

1

(211)

√6

0.203

30.95

2

(220)

√8

0.234

26.85

3

(321)

√14

0.308

20.40

4

(400)

√16

0.332

18.93

5

(420)

√20

0.369

17.03

6

(332)

√22

0.389

16.15

7

(422)

√24

0.405

15.51

8

(431)

√26

0.421

14.92

Table D.2. Crystal structure of the backbone packing in the PES23 polymers at 30 °C.

Polymers

Crystal structure

Unit cell parameter [Å]

PES23Li

Hexagonal

a = 4.87

PES23Na

Hexagonal

a = 4.86

PES23Cs

Hexagonal

a = 4.88

PES23NBu4

Hexagonal

a = 4.88
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D.5. Room temperature SAXS and WAXS profiles of PE23

Figure D.8. X-ray scattering data of PE23 at room temperature. The polymer crystallizes into a
PE-like orthorhombic structure with a unit cell of a = 7.43 Å and b = 4.98 Å. The orthorhombic
lattice indices are as labeled. The two peaks q* and 2q* in SAXS with a ratio of 1:2 suggest a
layered structure with an average layer-to-layer distance of 30.8 Å.
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D.6. in situ X-ray scattering data of PES23 polymers at all measured temperatures.
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Figure D.9. in situ X-ray scattering data of PES23 polymer at all measured temperatures.
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D.7. Storage (G’) and loss (G”) modulus of PES23 polymers

Figure D.10. Storage (G’) and loss (G”) modulus of PES23 polymers as a function of temperature
during the first cooling and second heating.

D.8. Fitting of ionic conductivity data
Table D.3. VFT/Arrhenius fitting parameters of ionic conductivity data of PES23 polymers.
Polymers

log 𝜎∞ [S/cm]

VFT
D

T0 [K]

Arrhenius
log σ0 [S/cm]
Ea [kJ/mol]

PES23Li

-2.34

1.24

302.25

--

--

PES23Na

-0.71

2.50

280.49

--

--

PES23Cs
PES23NBu4

-0.22
-0.047

2.61
3.97

272.92
192.16

43.89
--

163.9
--
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D.9. Ionic conductivities of PES23Na, PES23Cs, and PES23NBu4 during heating and
cooling

Figure D.11. Ionic conductivity of (a) PES23Na, (b) PES23Cs, and (c) PES23NBu4 during
cooling (solid square) and heating (open square).
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